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Introduction and outline of the thesis 
 
The introduction of new medical technology and surgical procedures promises 
improved surgical outcome and better treatment options in many clinical conditions. 
However, the application of these novel techniques, often results in important 
disturbances of the patients cerebral physiology.  Since the brain is the most 
vulnerable organ, of which relatively modest injury often has major and irreversible 
consequences, this is of vital anaesthesiological concern. Therefore, as our surgical 
colleagues are dedicated to move the boundaries of the therapeutical limitations, it is 
essential that we maintain a full understanding and control of the impact of these 
interventions on the cerebral homeostasis. Reversely, many surgical approaches 
have only become possible as a consequence of a thorough understanding of the 
human physiopathology and resulting anaesthesiological anticipation. Protection and 
support of the human body in these highly unphysiological conditions is essential to 
allow further progress of the therapeutical options. A meticulous study of the 
consequences of surgical actions on the cerebral physiology and a determination of 
the essential diagnostic and therapeutic actions that must be taken in these cases is 
the only  approach to deliver optimal anaesthesia care during these interventions.  
 
As much, we aimed to : 
 Elucidate the physiological changes during endoscopic neurosurgery. 
 Describe the diagnostic value of the hemodynamical changes during these 
interventions. 
 Describe in an animal model the physiopathology of isolated hyperacute 
intracranial hypertension. 
 Define the optimal method for perioperative monitoring of the intracranial 
pressure. 
 Investigate the limitations of non-invasive continuous pressure monitoring in 
neurosurgical procedures. 
 Elucidate the physiological changes during combined steep Trendelenburg 
position and pneumoperitoneum. 
 Determine the accuracy of different transcranial Doppler methods to examine 
the cerebral perfusion in this clinical setting. 
 
Endoscopic Neurosurgery 
 
During endoscopic neurosurgery, a continuous rinsing of the ventricular cavities is 
performed. This may have negative effects on the cerebral circulation. In fact, in 
clinical practice, we often noticed during neuro-endoscopical interventions, 
characteristic hemodynamical reflexes which resembled phenomena described by 
Cushing1 and Heymans2, and were suggestive for acute intracranial hypertension 
(ICP).  
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In a first article3, we demonstrate that the initial hemodynamical reflexes following a 
hyperacute increase of the intracranial pressure consists of a combination of 
hypertension and tachycardia. The classical understanding of the Cushing reflex 
describes a combination of hypertension and bradycardia. In this particular clinical 
situation of endoscopic neurosurgery, the hyperacute nature of severe intracranial 
hypertension, produces a short lasting tachycardia that precedes the bradycardia 
which Is classically associated with the Cushing reflex. This knowledge is essential to 
prevent severe complications during these procedures. Additionally, we show what 
combination of monitoring strategy should be taken and how to comprehend it to 
optimize and safeguard the cerebral perfusion. 
In a second article4, we illustrate using Transcranial Doppler what is the exact 
sequence of events after a complete stop of the cerebral blood flow. We confirm 
objectively that during these ‘minimal invasive procedures’ a complete brain ischemia 
can develop very swiftly without any clinical sign. Only after several  seconds, the first 
clinical signs arise and it is only with the right diagnostic approaches this can be 
detected timely if the signs are interpreted correctly.  
In both articles we demonstrate the extreme speed by which an excessively high 
intracranial pressure can be reached, and the importance of its fast detection. 
 
Animal model of endoscopic neurosurgery 
 
During neurosurgical procedures, an increased 
ICP often coincides with difficult intracranial 
manipulations.  Moreover, The illustration shows 
that in several neuro-endoscopic procedures - like 
third ventriculostomy and pituitary surgery -  there 
is a coïncidential occasion of high rinsing activity 
and direct pressure on the brain stem. Therefore, 
it is difficult in these observational studies to 
differentiate the cause of the haemodynamical 
reflexes. Moreover, it is impossible to intentionally 
increase the ICP in order to study the 
hydrodynamical and haemodynamical 
consequences of excessive rinsing. 
Therefore, in a third article5, we present a rat 
model of endoscopic neurosurgery, where these 
effects of hyperacute isolated intracranial 
hypertension are demonstrated.  
 
 
Li KW, NelsonC, Suk I, Jallo GI 
Neuroendoscopy: past, present and future. 
Neurosurg Focus. 2008; 19: E1 
With permission 
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Optimizing monitoring in endoscopic neurosurgery 
 
During our clinical and research work, we were confronted with a controversial 
problem that the optimal methodology for measuring the ICP during endoscopic 
neurosurgery was not yet decisively determined. Different views existed in literature, 
but no solid argumentation was ever made to conclude the best policy. Therefore, in 
a fourth article6, we present an in-vitro study where different measuring methods and 
locations are evaluated and a decisive strategy is revealed to guarantee an accurate 
measurement. 
 
Minimal invasive anaesthesia in minimal invasive neurosurgery 
 
A key finding of our research is that the clinical conditions during endoscopic 
neurosurgery necessitate invasive arterial blood pressure measurement. A non-
invasive method of obtaining continuous blood pressure information would allow for a 
safer means of providing optimal monitoring. Therefore, in a fifth article7, we present 
the possibilities and limitations of this technique in neurosurgical procedures. 
 
Cerebral effects of steep Trendelenburg position and CO2 pneumoperitoneum. 
 
Another recent anaesthesiological challenge for preserving the cerebral homeostasis 
is the introduction of robotic endoscopic surgery. This new technology offers superior 
surgical treatment options for multiple pathologies, but often necessitates a 
combination of steep Trendelenburg position and pneumoperitoneum. The influence 
of this condition on the cerebral homeostasis was never thoroughly investigated. 
Therefore in a sixth article8, we examined the influence of this highly unphysiological 
condition  on the human body and its clinical consequences. 
Apart from direct measurement of clinical parameters and its clinical interpretation, 
the influence if this combined Trendelenburg position and CO2-pneumoperitoneum 
on more fundamental changes in the cerebral microvasculature has never been 
investigated either. On the other hand, our clinical experience with patients in the 
direct postoperative period hints for important disturbances of the cerebral 
microvasculature. A combination of high-resolution hemodynamic recordings and 
Transcranial Doppler measurement permits the analysis of this impact in our human 
patient population. Several important clinical and fundamental questions still needed 
to be answered. Many of these questions were elucidated in a seventh article9.  
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Cerebral Blood Flow 
 
The brain is unique in that it is supplied by four major arteries that join in an 
equalizing manifold, the circle of Willis. The carotid arteries each supply 
approximately 40 percent of the total perfusion requirements of the brain. Four major, 
interdependent mechanisms are involved in the control of cerebral blood flow:  
1. Metabolic coupling  
2. Neural control  
3. PaCO2  
4. Autoregulation.  
 
Metabolic Coupling 
The adult human brain represents about 2% of total-body weight, but in normal 
circumstances receives 12 to 15% of cardiac output. This reflects the brain‟s high 
metabolic rate and oxygen consumption. This metabolic rate is highly dependent on 
local brain activity, and there are elaborate mechanisms for the regulation of the 
cerebral blood flow (CBF). Neuronal activity is the principal energy-consuming 
process in the brain. Local cerebral blood flow adjusts to the level of energy 
generation. Normally there is exquisite coupling between the regional cerebral 
metabolic demand for oxygen and glucose generated by local neuronal activity and 
the volume of blood flowing through that tissue. Local blood flow increases as soon 
as 1 s after neuronal excitation and the zone of increase is limited to 250 µm around 
the site of the increased activity1. This indicates that flow can be adjusted very rapidly 
at the microvascular level according to metabolic demands in discrete functional 
subunits. This phenomenon is called metabolic coupling. Nonetheless, in many 
clinical conditions, the CBF may increase or decrease out of proportion to metabolic 
demands. 
 
Neurogenic Control 
The perivascular innervations - a dense plexus of nerve fibers in the walls of cerebral 
vessels - of the cerebral blood supply form an additional coupling mechanism 
between metabolism and flow. These consist of sympathetic and parasympathetic 
fibers and have an important role in the tonic control of the cerebral blood flow. 
 
Carbon Dioxide Tension (PaCO2) 
Alterations in PaCO2 result in marked vasodilation. There is an exponential 
relationship between PaCO2, and CBF within a PaCO2 range of 25 to 60 mmHg, with 
a CBF change of approximately 4 percent per mmHg. 
Flow changes induced by alterations in PaCO2 occur within 2 min and reach a new 
plateau within 12 min. This regulatory mechanism is a function of changes in the 
perivascular pH in the vicinity of the vascular smooth muscle cells, rather than a 
direct effect of CO2 per se. Prolonged alterations in PaCO2 result in chronic 
Essential cerebral physiology and technical background 
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adaptation, and after approximately 36 h the blood flow changes tend to return to 
prealteration levels. 
In conscious patients, fast changes in PaCO2 are avoided by homeostatic 
mechanisms. However, during surgical conditions important alterations in PaCO2 may 
occur. This can result in several undesired effects. Firstly, unnecessary increased 
CBF induces cerebral swelling and consequently increased ICP. Secondly, increased 
CBF in healthy regions may redirect bloodflow from at-risk regions, thereby causing 
an intracerebral steal phenomenon. Severely decreased CBF can induce cerebral 
tissue ischemia. Therefore, maintaining normocapnia is essential to preserve 
cerebral haemodynamic homeostasis.   
 
Autoregulation 
The cerebral autoregulation refers to 
the capacity of the cerebral circulation 
to adjust its resistance so that it can 
maintain CBF constant over a wide 
range of mean arterial pressure (MAP) 
values. The lower limit of 
autoregulation has been widely quoted 
as a MAP of 50 mmHg, although there 
is considerable interindividual 
variation. Above and below the 
autoregulatory plateau, the CBF is 
pressure dependent and varies 
linearly with the MAP.  It is important 
to stress that both the upper and the 
lower limits of autoregulation can be 
affected by many factors, including sympathetic nerve activity, Paco2 and 
pharmacologic agents. The most important factor that can affect autoregulation is 
chronic arterial hypertension. As a result of thickening of the cerebral arteries, the 
upper and lower limits of autoregulation are both displaced to higher levels in patients 
with chronic hypertension. The consequence of these alterations is that symptoms of 
cerebral hypoperfusion can occur at higher values of mean arterial pressure in 
patients with chronic hypertension than in normotensive individuals. 
 
Cerebral Blood Flow and Ischemic Thresholds 
The brain is one of the most metabolically active organs in the body and is exquisitely 
sensitive to hypoperfusion and hypotension. Its high metabolic demand and lack of 
appreciable energy reserves render the central nervous system uniquely susceptible 
to alterations of blood supply. Severe reductions in CBF (<10ml/100g/min) lead to 
rapid neuronal death . 10 seconds after cessation of CBF, unconsciousness 
develops. Irreversible damage occurs within minutes. 
 
 
 
The Effect of CPP, PaCO2 and PaO2 on CBF. 
(Michenfelder JD : Anesthesia and the Brain, pp 6 , 94-113. 
New York, Churchill Livingstone, 1988.) 
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Intracranial Pressure (ICP) 
The brain is enclosed in the cranium, which 
has a fixed volume; therefore, if any of the 
components located in the cranial vault 
increase in volume, the ICP will increase. 
This can result in reduced blood flow to the 
brain2. The ICP is normally less than 10  
mmHg. Under normal circumstances, a 
small increase in intracranial volume will 
not greatly increase ICP because of the 
elastance of the components located in the 
cranium : brain(80%), blood(12%) and 
CSF(8%). After a certain point, however, 
the capacity of the system to adjust to increased volume is exceeded and even a 
small increase in volume will increase ICP3.  This principle is generally known as the 
Monro-Kellie hypothesis4.  
 
Cerebral Perfusion Pressure (CPP) 
In cases of substantially increased ICP or increased Central Venous Pressure (CVP), 
this becomes of foremost importance, because the cerebral perfusion is more 
precisely determined by the CPP (CPP = MAP – ICP or CPP = MAP - CVP).  
 
The Cushing Reflex 
Harvey Cushing was the first to describe, based on his clinical experience as a 
neurosurgeon,  a triade of hypertension, bradycardia and apnea as a result of 
intracranial hypertension5. Heymans showed in animal research that there is an initial 
short-lasting tachycardia before the onset of bradycardia6, but it is only since the 
introduction of neuro-endoscopy, this has become of clinical relevance. Relying on 
the experience in relatively slow-evolving processes like subdural haematoma, 
hydrocephalus or cerebral tumors, many clinicians still consider bradycardia and 
hypertension as the first haemodynamic sign of intracranial hypertension. In our 
research, we clearly demonstrate that the initial signs of hyperacute intracranial 
hypertension – as commonly seen during endoscopic neurosurgery – consists of a 
combination of hypertension and tachycardia.  
Br J Anaesth. 2009;102:361-8. Permission granted 
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The Ventricular system  
 
Meninges 
The brain and spinal cord are covered and protected by three layers of tissue called 
meninges. From the outermost layer inward they are : 
 
1. The dura mater : a strong, thick 
membrane that closely lines the inside 
of the skull. 
2. The arachnoid mater : a thin, web-like 
membrane that covers the entire 
brain. 
3. The pia mater hugs the surface of the 
brain and has many blood vessels that 
reach deep into the brain.  
 
 
 
The space between the arachnoid and pia is the subarachnoid space. It is here 
where the cerebrospinal fluid bathes and cushions the brain. 
 
Ventricles 
The lateral ventricles are located 
bilaterally deep within the cerebral 
hemispheres They both connect with the 
third ventricle through the foramen of 
Monro.  
The third ventricle connects with the fourth 
ventricle through the aqueduct of Sylvius, 
a long narrow tube.  
The fourth ventricle is connected with the 
subarachnoid space. 
 
National Institute of Health. Permission granted 
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Cerebrospinal fluid 
The cerebrospinal fluid (CSF) is a clear colorless fluid that surrounds the brain and 
fills the ventricular system. This circulating fluid is constantly being absorbed and 
replenished.  
The choroid plexus, a vascularised 
structure that is located in the brain 
ventricles, produces CSF at about a rate 
of 500 ml/day. The CSF circulates from 
the lateral ventricles into the third 
ventricle, then by passing the cerebral 
aqueduct, to the fourth ventricle and into 
the subarachnoid space which surrounds 
the brain and the spinal cord. In the 
subarachnoid space, the CSF is absorbed 
through specialized cell clusters, the 
arachnoid villi near the top and midline of 
the brain. The arachnoid membrane 
permits the uni-directional flow of CSF out 
into the venous blood. 
The CSF has many different functions: the mechanical protection of the brain, the 
regulation of the intracranial pressure, keeping the brain tissue moist and finally the 
distribution of metabolites. 
A balance is maintained between the amount of CSF that is absorbed and the 
amount that is produced. A disruption or blockage in the system can cause a build up 
of CSF, which can cause enlargement of the ventricles (hydrocephalus) or cause a 
collection of fluid in the spinal cord (syringomyelia). 
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Blood supply  
Blood is carried to the brain by two paired 
arteries, the internal carotid arteries and the 
vertebral arteries. The internal carotid arteries 
supply most of the cerebrum. The vertebral 
arteries supply the cerebellum, brainstem, and 
the underside of the cerebrum. After passing 
through the skull, the right and left vertebral 
arteries join together to form the basilar artery. 
The basilar artery and the internal carotid arteries 
“communicate” with each other at the base of the 
brain called the Circle of Willis. This 
communicating system is an important safety 
feature of the brain. If one of the major vessels 
becomes blocked, it is possible for collateral blood flow to come across the Circle of 
Willis and prevent brain damage. 
 
The venous circulation of the brain is very 
different than the rest of the body. Usually 
arteries and veins run together as they supply 
and drain specific areas of the body. However, 
this is not the case in the brain. The major vein 
collectors are integrated into the dura to form 
venous sinuses. These collect the blood from the 
brain and pass it to the internal jugular veins. All 
sinuses eventually drain to the sigmoid sinuses, 
which exit the skull and form the jugular veins.  
 
 
 
With permission from Mayfield Clinic 
 
 
With permission from Mayfield Clinic 
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Transcranial Doppler 
Transcranial Doppler assessment of the cerebral blood flow velocity is based on the 
Doppler effect, first described by Christian Doppler in 1842. Its use as an imaging 
device is based on the observation that the frequency of an ultrasound wave 
reflecting from moving erythrocytes changes proportional with the velocity of the 
blood flow. Hence, the blood flow velocity can be deduced from the change in 
frequency between emitted and reflected ultrasound waves. Two important limitations 
arise in the implementation of this principle in 
medical imaging. Firstly, the ultrasound beam 
should be as parallel to the blood flow as possible. 
Secondly,  Attenuation of the ultrasonic wave near 
the skull resulted in barely reproducible reflections, 
making adequate recordings of blood flow 
velocities from intracranial arteries almost 
impossible. As a result, its use to examine cerebral 
blood flow was only possible since 19827, after 
introduction of a high-energy bidirectional pulsed 
Doppler system operating at frequencies of 1-
2MHz. As a result of these two limitations, Doppler 
measurements of cerebral arteries is limited to 
certain „acoustic windows‟ in the skull. In this 
research, the temporal acoustic window was used 
to insonate the middle cerebral artery.  
 
Transcranial oximetry 
Near-Infrared spectroscopy (NIRS) is a noninvasive optical method for monitoring 
cerebral regional oxygenation. It is based on the principle that light in the near-
infrared range (700-900 nm) readily penetrates skin and bone, but reflects off certain 
chromophores in the brain, such as oxy- and deoxyhaemoglobin and cytochromes 
AA. Therefore, by monitoring the absorption of light at several wavelengths in near-
infrared range, brain haemoglobin oxygen saturation can be measured8. The NIRS 
device used in this research uses laser light at four precise wavelengths to capture 
information needed for the algorithm to calculate the absolute value of the mixed 
cerebral haemoglobin oxygen saturation (SctO2)
9. SctO2 is defined as the ratio of 
concentrations of HbO2 to Hb + HbO2 in the brain tissue. The value of SctO2 reflects 
a proportional mix of arterial and venous blood10. It is estimated that the NIRS 
cerebral oximeter interrogated brain tissue microvasculature is approximately 70% 
venous and 30% arterial during most physiological conditions11.  
 
 
With permission of Rune Aaslid under the 
terms of the GNU Free Documentation 
License. 
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Endoscopic Neurosurgery 
Neuro-endoscopy involves passing a tiny 
viewing scope into the ventricles. The 
neurosurgeon thus has a clear view of the 
inside ventricular system. For several 
intracranial pathologies, the obvious 
advantage of an endoscopic approach is 
minimal disturbance of brain tissue and 
consequently less postoperative morbidity. 
In most cases, the classical entry point is 
at 2 cm lateral from the midline (in order 
not to damage the corpus callosum and 
the Pericallosal blood vessels) and 
anterior of the coronary suture. Then the 
endoscope enters the lateral ventricle, and 
is further advanced through the ventricular system, depending on the location of 
intervention. A frequent intervention to treat some forms of hydrocephalus is a third 
ventriculostomy, where a perforation is made of the floor of the third ventricle in an 
attempt to bypass an obstruction of the aqueduct of Sylvius12. During this procedure, 
rinsing of the ventricular cavities is required, which often induces severe intracranial 
hypertension. 
 
Computerised analysis of physiological data 
In order to  elucidate the exact sequence of haemodynamic events during  
hyperacute intracranial hypertension,  intensive computation of the data was 
essential. Therefore, I needed to develop custom-made software to synchronize, 
compute and analyse the megabytes of specific waveform data of each patient. 
These algorithms were written in Visual Basic language and visualised in Microsoft 
Excel. In the successive research projects,  different algorithms were developed to 
determine the computed parameters of interest.  
University of Florida.  Permission granted 
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Abstract 
 
Background : During an endoscopic neurosurgical procedure (ENP) a sudden 
increase in intracranial pressure (ICP) may occur at any time. In the literature little 
attention has been paid to the early detection of such an increase. In particular the 
occurrence of a „Cushing reflex‟ has not been discussed in this context. We now 
present a prospective study of haemodynamic changes during ENP. 
 
Methods : In 17 consecutive patients who underwent an ENP under general 
anaesthesia, physiological data was recorded over the whole operative procedure. 
Monitoring included invasive blood pressure, intracranial pressure, 
electrocardiogram, end-expired carbon dioxide, pulse oximetry and heart rate. 
Pressure- and ECG waveforms were recorded at 100Hz and evaluated in a 
subsequent off-line analysis.  
 
Results : In almost every case, the occurrence of hypertension and tachycardia was 
clearly the result of an increase in ICP. Also, in  almost every case where the 
cerebral perfusion pressure (CPP) dropped below 15mmHg, a Cushing reflex 
developed. The occurrence of bradycardia was rather occasional and not 
systematically associated with a low CPP. 
 
Conclusion : In this study, we describe the haemodynamic effects of an increased 
ICP during ENP and their respective sequence of events at high temporal resolution. 
Although most clinicians rely on the occurrence of bradycardia to diagnose 
intracranial hypertension during ENP, we show that a simultaneous onset of 
hypertension and tachycardia is a much faster approach to determine impeded brain 
perfusion. Waiting for a persistent bradycardia to alert the surgeon during ENP could 
allow severe bradycardia or even asystole to develop. 
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Introduction 
 
The Cushing reflex 
Classically, the “Cushing reflex” has been reported as the occurrence of 
hypertension, bradycardia and apnoea following intracranial hypertension1. Various 
animal physiopathological studies, describing haemodynamic changes following 
sudden increases in intracranial pressure (ICP), refined the findings of Cushing by 
showing an initial tachycardia associated with an hypertension before the onset of 
bradycardia2. These initial changes have not always received sufficient attention in 
the literature on neuro-endoscopy. The increases of intracranial pressure resulting in 
haemodynamic instability used to be observed as a phenomenon following a time 
course of hours, days or months depending on the underlying pathology (e.g.: 
subdural haematoma, tumours, hydrocephalus,…). At the moment of clinical 
presentation, symptoms already consisted of bradycardia and hypertension.  
 
Acute intracranial hypertension during neuro-endoscopy 
Since the introduction of neuroendoscopy3 in the treatment of cerebral pathology, the 
problem of early recognition of any sudden increase in intracranial pressure has 
become crucial. During this procedure, continuous rinsing of the ventricular cavities 
might cause a sudden ICP increase. As direct measurement of the ICP via the 
endoscope is not always accurate as the single parameter to detect cerebral 
hypertension, the anaesthetist classically relies upon sudden haemodynamic 
changes to alert the surgeon. Many clinicians still use the occurrence of bradycardia 
and hypertension as an indication of acute intracranial hypertension4-7. In a 
retrospective study, we showed that only focussing on these late symptoms allows a 
long lasting intracranial hypertension risking a higher incidence of possible 
deleterious complications Therefore, we concluded that the occurrence of 
hypertension and tachycardia offers the most reliable warning sign of an increased 
ICP during neuro-endoscopy. This presumption was made on a review of animal 
studies2 and clinical observations published in the last century8.  
 
Aim of the study 
However, accurate simultaneous measurements of mean arterial blood pressure 
(MAP) and ICP are essential to diagnose a decrease in the underlying cerebral 
perfusion pressure (CPP).   As a precise description of the haemodynamic changes 
in relation to the ICP during neuroendoscopy is still lacking in the literature, the aim of 
this prospective observational study was to offer a high resolution description of this 
phenomenon. Additionally, it was aimed at investigating the most suitable parameters 
to alert the surgeon to prevent deleterious brain ischaemia, together with possible 
strategies to keep the cerebral perfusion at a safe level.  
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Methods 
 
Patients 
After Institutional Ethics Committee approval and written informed consent was 
obtained, haemodynamic data of consecutive patients between 01/02/2003 and 
01/02/2004 who underwent neuro-endoscopy for the treatment of obstructive 
hydrocephalus or tumour surgery under general anaesthesia were recorded during 
the whole operative procedure. Their ages ranged from 1 month to 84 years.  
 
Procedure and data recording 
The patients were given no premedication. Upon their arrival in the operating room 
the usual monitoring was applied: electrocardiogram (ECG), pulse oximetry and 
blood pressure by automated cuff. In children, if inhalation induction was indicated 
because of difficulty in obtaining intravenous access, sevoflurane was used to permit 
intravenous cannulation. After securing the intravenous access as quickly as possible 
the sevoflurane was discontinued and the intravenous sequence instituted. In adults, 
anaesthesia was induced with propofol 1–2 mg/kg, remifentanil 0.1 µg/kg/min and the 
trachea was intubated (facilitated with cisatracurium 0.15 mg/ kg i.v.). Anaesthesia 
was maintained with propofol 6 mg/kg/h, remifentanil 0.1– 0.2 µg/kg/min, together 
with cisatracurium 0.15 mg/kg/h ; the patients were ventilated with an oxygen/air 
mixture (FIO2 : 40%) to have an end-tidal CO2 between 30 and 35 mm Hg. After 
induction, a 20-gauge 8 cm PE catheter (Laeder Cath, Laboratoires 
pharmaceutiques,  Vygon 95440 Ecouen, France) was inserted percutaneously into a 
radial artery, 1 cm proximal to the wrist. The catheter was connected via a 150 cm 
long (1.5 mm internal diameter) rigid pressure tubing, filled with saline to a 
continuous flush pressure-transducer system (Becton Dickinson Critical Care 
Systems, Singapore) to monitor beat-to-beat blood pressure. The heart rate (HR) 
was monitored continuously via the ECG. All patients remained flat in the supine 
position with the head flexed, so that the burr hole was located at the apex. Patients 
were kept normothermic by a forced-air warming system. Once stable profiles of 
capnography and blood pressure were reached, ventilatory and drug delivery settings 
were kept unchanged. All vital signs were monitored using an S5-monitor (Datex-
Ohmeda, Helsinki, Finland).  
 
The rigid Caemaert endoscope (Wolf, Knittlingen, Germany) with an outer diameter 
of 6 mm was used. After positioning the patient and infiltration with a local 
anaesthetic, a burr hole was made at the classical entry point for endoscopic entry to 
the lateral ventricle and the standard neuro-endoscopical introduction was done3. 
Once the endoscope was introduced into the ventricle or the cystic space9, the 
mandrins of the two irrigation channels and of the working channel were retracted, 
and the inlet and outlet irrigation tubes were connected. The outlet of the endoscope 
flushing system was connected with a 300 cm long pressure tubing to a pressure-
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transducer for continuous monitoring of the ICP4,6. The level of the foramen of Monro 
was used as the zero-reference point for both pressure transducers.  
 
During the introduction of the endoscope the optical element was already inserted in 
the correct channel. We then began irrigation with Ringer lactate at body 
temperature. We made sure that the distal end of the outflow tube was fixed at the 
same level as the burr hole, so that there was no siphoning effect or raised ICP. At 
moderate flushing rate of the endoscope, the pressure value reliably represents the 
intracranial pressure at the bottom of the fourth ventricle, as long as no obstruction or 
increased resistance occurs inside the endoscope. The inflow of the rinsing fluid is 
managed by the surgeon. Using the same zero-reference point for both transducers 
allows a precise determination of the cerebral perfusion pressure, independent of 
patient positioning. Both systems were calibrated against atmospheric pressure and 
both pressure-transducers were connected to a S5-monitor (Datex-Ohmeda, 
Helsinki, Finland). All data from the monitor were recorded via the Collect Software® 
(Datex-Ohmeda, Helsinki, Finland). for subsequent off-line analysis. There was a 
numerical recording of all parameters at 0.2 Hz. In addition, waveforms of ECG, 
invasive arterial pressure and intracranial pressure were registered at 100 Hz. 
 
Data analysis and statistics 
In subsequent off-line analysis, the data were transformed to an ASCII-file and 
imported in Microsoft® Excel. Analysis of the waveforms was done using invasive 
arterial pressure (Art) signals and intracranial pressure (ICP) signals. After importing 
the values into Microsoft®  Excel, arterial and intracranial pressure waveforms, MAP, 
mean ICP, mean CPP en HR were determined.  
The CPP was calculated as MAP minus mean ICP. High-resolution waveforms at 100 
Hz were visualised for detailed description of haemodynamic phenomena. Also trend 
curves were created at 1 Hz for whole-procedure evaluation of haemodynamic 
effects.  
 
All data were analysed for possible events. Hereby, different classes of combined 
events were defined as shown in table 2. For changes in CPP, we defined an event 
as a decrease of CPP lower than 50 mmHg. Subsequent categories were defined as 
a CPP lower than 50, 40, 30, 20 and 15 mmHg. For changes in haemodynamics, we 
defined brady/tachycardia and hypo/hypertension as a change of 20 % from baseline 
during at least three seconds. Baselines were defined as the mean haemodynamic 
values in the minutes during the procedure before an increase of the ICP occurred. 
Since the administration of remifentanil was kept constant and this opiate may cause 
tolerance10 as well for analgesic as haemodynamic effects11, rescaling of the 
baseline values was sometimes necessary. Haemodynamic changes during a CPP 
higher than 50 mmHg was defined as an isolated haemodynamic event and taken 
into account too. 
A sensitivity/specificity analysis was done based on decreases of the CPP below 
certain levels and the incidences of cushing reflexes. In this assessment, we defined 
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a cushing reflex as a simultaneous occurrence of hypertension and tachycardia. The 
sensitivity of a cushing reflex to detect a CPP-drop below certain levels was 
determined as the number of CPP-drops coinciding a cushing reflex divided by the 
total number of these CPP-drops. The specificity of a cushing reflex in detecting a 
CPP-drop was defined as the number of cushing reflexes associated with a CPP-
drop below a certain level, divided by the total number of observed cushing reflexes. 
For statistical analysis of the data, nonparametric correlations were determined using 
the SPSS 11.0 software (SPSS Inc, Chicago, USA).  
 
Patient evaluation 
All patients awoke in the operating room, and were directly transferred to the 
intensive-care unit. For the assessment of post-operative complications, intensive-
care files were evaluated for possible events. As described by Buxton and 
colleagues12, possible complications in neuro-endoscopy are : delay in awaking, 
pneumoencephalus, pneumoventricle, convulsions, transient anisocoria, transient 
hemiparesis, haemorrhage, cerebral infarction, transient fever, meningism, infection, 
short-term memory loss, diabetes insipidus, inappropriate anti-diuretic   hormone 
secretion, transient cerebrospinal leaks, chronic subdural haematomas, traumatic 
basilar aneurysm, hydrocephalus. 
 
Results 
 
Demographics 
Data recorded (total recording time : 19.1 hours covering 10.9 hours of endoscopy) 
from 17 patients were analysed. Table 1 shows the individual demographics, 
haemoglobin and haematocrit level and glycaemia. Also shown is if there were 
clinical arguments for pre-operative intracranial hypertension of the patients.  End-
tidal CO2 levels and body temperature stayed within limits in all patients.  
 
Table 1 : biometrical and biochemical characteristics of the patients. 
Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Gender M F M V V M M V V M M M M M M M M 
Age 8 9 21 19 84 71 20 3m 73 37 19 44 11 12 11 1m 62 
Weight (kg) 27 40 78 70 60 70 70 3.4 54 58 70 80 45 37 44 3.15 83 
Hb (g/dl) 12.2 12.4 16.1 12.1 11.8 13.7 14.0 8.6 11.4 14.4 14.0 12.7 14.9 13.3 13.4 9.7 12.6 
Hct (%) 37.2 35.3 45.5 37.7 35.0 41.6 39.6 27.5 34.8 40.6 39.5 35.4 42.5 38.6 41.3 29.3 37.5 
Glucose (g/l) 0.96 0.82 1.14 1.09 0.91 0.84 0.96 1.11 1.13 1.09 1.04 1.34 0.83 1.11 0.9 0.66 1.54 
Intracranial HT No No Yes Yes Yes Yes No Yes Yes Yes No Yes Yes No No Yes No 
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Incidence and nature of haemodynamic events 
Table 2 shows for each patient the incidence of Hypertension (H), Tachycardia (T), 
Bradycardia (B) or Cushing reflex (H+T) in the seconds following a drop of the CPP 
to a certain level, together with the nature of the performed procedure and age of the 
patient. Also the incidences of haemodynamic changes with a normal CPP are 
mentioned (= isolated cases). Hypertension associated with tachycardia was 
prominently present when the CPP dropped below 15 mmHg. In higher CPP levels, 
less prominent changes were observed. In the last row,  sum of all the events in the 
respective category is shown. The procedures are  : revision of a ventriculoperitoneal 
shunt (revision), diagnostic ventriculoscopy (ventr.scopy), Pineal tumour resection 
(Tumour), third ventriculostomy (3VS), fenestration of a ventricular cyst (fenestr.) or 
biopsy of a pineal tumour (biopsy) 
 
Table 2 : incidence of haemodynamic events in related to the drop of the CPP. 
 
The sensitivity  and specificity of a cushing reflex ( = a simultaneous occurrence of 
hypertension and tachycardia, defined as a 20% increase in HR and MAP ) to 
determine a decreased CPP is shown in table 3. Because in patient 14 multiple 
haemodynamic events occurred during tumour retraction, haemodynamic changes 
may have been induced by direct stimulation of the brainstem. Moreover, it was the 
only patient where severe bradycardia and hypertension was seen during a 
decreased CPP. Therefore, the sensitivity analysis was done using all patients and 
also with all patients except patient 14.  
 
Table 3 : The sensitivity and specificity of the cushing reflex to detect low CPP 
 
All patients Patient 14 excluded 
Sensitivity Specificity Sensitivity Specificity 
CPP < 15 mmHg 93% 54% 100% 54% 
CPP < 20 mmHg 53% 65% 67% 62% 
CPP < 30 mmHg 29% 77% 39% 73% 
CPP < 50 mmHg 13% 77% 17% 73% 
Pt Age Procedure
H T H+T B H+B  - H T H+T B H+B  - H T H+T B H+B  - H T H+T B H+B  - H T H+T B H+B  - H T H+T B H+B
1 8 revision 3
2 9 Ventr.scopy 1 2 1
3 21 Tumour 1 18 9 4 2 3 3 1  2 1 7
4 19 3VS 6 1
5 84 3VS 1
6 71 3VS 1 3 1
7 20 3VS 6 5 1 1 1 1
8 3m 3VS 2 1
9 73 3VS 5 1 2
10 37 3VS 12 3 1
11 19 Tumour 1 4 3 1 1  
12 44 fenestr. 10 1 1
13 11 3VS 1 1
14 12 Tumour 8 7 8 1 1 3 4 2 2 1 1 2 4 1
15 11 biopsy 1 1 1
16 1m 3VS 1 2
17 62 biopsy 2
20 8 6 4 1 48 0 0 0 0 0 24 8 2 0 0 1 21 8 0 3 2 2 3 5 0 3 2 4 0 0 0 14 0 1SUM
isolated 40 < CPP < 50 30 < CPP < 40 20 < CPP < 30 15 < CPP < 20 CPP < 15   
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Figure 1 shows the relation between the CPP and the relative change in heart rate 
and MAP.  
 
Figure 1  : Relationship between CPP and Heart rate and MAP. 
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Figure 2 shows the relation between the ICP and the relative change in heart rate 
and MAP.  
 
Figure 2  : Relationship between ICP and Heart rate and MAP. 
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Table 4 shows the Spearman‟s rho correlation coefficients between intracranial 
pressure/ cerebral perfusion pressure (ICP/CPP) and relative change in heart rate 
(%HR) and mean arterial pressure (MAP). The correlation coefficients are 
calculated for all patients (all) and with patient 14 excluded (excl pt 14). A good 
correlation was found between the MAP and the ICP/CPP. Also a good correlation 
was found between the degree of tachycardia and the ICP/CPP.  A weak correlation 
was found between the degree of bradycardia and ICP/CPP. Notably, there is a 
stronger correlation between the tachycardia/MAP and CPP than between 
tachycardia/MAP and ICP.  
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Table 4 : Spearman’s rho correlation coefficients between ICP/CPP and 
HR/MAP.  
 
%HR tachycardia 
all / excl pt14 
%HR bradycardia 
all / excl pt14 
MAP 
all / excl pt14 
ICP 0.589 / 0.638 -0.176 / 0.355 0.617 / 0.596 
CPP -0.659 / -.687 0.256 / -0.248 -0.628 / -0.576 
 
 
Figure 3: Illustrative cases of haemodynamic changes during neuro-endoscopy 
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Out of all events, we selected 3 illustrative cases. Figure 3A shows a particular 
haemodynamic event. A sustained ICP of 50 mmHg over 90 seconds induced no 
haemodynamic changes. This may be explained by the fact that the CPP was over 
35  mmHg. At second 2490, the ICP further increased resulting in an drop of the CPP 
and the occurrence of a tachycardia and hypertension. After alerting the surgeon, the 
pressure was released leading to normalisation of the ICP and haemodynamics 
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within 120 seconds. Figure 3 B plots a slower increase of ICP accompanied with a 
marginal increase in MAP and an initial moderate decline of the heart rate. At 4285 
seconds, a sudden additional increase in ICP is seen together with an abrupt severe 
bradycardia. After 20 seconds, the heart rate recovers promptly.  
In figure 3 C, a manifest Cushing reflex in a baby of only 3 months old is illustrated. 
In this case, the baseline CPP was 39 mmHg since the normal MAP is much lower at 
that age. In this patient, we see hypertensive adaptation at an ICP of 10 mmHg and 
tachycardia at 34 mmHg. 
Neither patient suffered any of the post-operative complications mentioned by Buxton 
and colleagues12. 
 
Discussion 
 
During neuro-endoscopic procedures,  early recognition of an excessive increase in 
ICP, jeopardizing brain perfusion, is of major importance for preserving cerebral 
homeostasis. Isolated or combined bradycardia and hypertension are commonly 
used during neuro-endoscopy to alert the surgeon for increased ICP or mechanical 
stimulation of the floor of the third ventricle5. ICP or Doppler flow measurements have 
been used to evaluate cerebral perfusion13. However, in a retrospective study, Van 
Aken and colleagues concluded that tachycardia occurred as frequently as 
bradycardia during neuro-endoscopy8. It was hypothesised that the tachycardia 
coincided mostly with an increase in ICP, caused by high-speed fluid irrigation or 
obstruction of the outflow tube. The observed tachycardia was nearly always 
accompanied by systemic hypertension. These signs might be seen as an atypical 
Cushing response. Unfortunately, no ICP was registered in the retrospective study, 
because at that time, the surgeon started his endoscopic procedures using a two-
channel cystoscope, not allowing measurement of the ICP. The classic response, as 
described by Cushing in 190114, consists of apnoea, increased blood pressure and 
bradycardia. Therefore, it might be interesting to further prospectively evaluate the 
adequacy of the occurrence of haemodynamic alterations for assessing the cerebral 
perfusion status during these procedures by simultaneously measuring heart rate, 
arterial and intracranial pressure.  
 
We investigated the correlation between  CPP and the occurrence of haemodynamic 
changes. We defined haemodynamic changes as  a change of 20% from baseline for 
at least three seconds. Rescaling of the baseline values was sometimes necessary to 
eliminate slow haemodynamic changes caused by long-term anaesthesia, but it  was 
only done after at least two minutes of haemodynamic steady-state and ICP-levels 
below 5 mmHg. In our opinion, this is defendable and desirable since we are 
focussing mainly on the fast haemodynamic changes following increased ICP and 
decreased CPP. 
As shown in table 2, a drop of the cerebral perfusion pressure (CPP) to below 15 
mmHg always results in a Cushing reflex. In 14 of the 15 cases, hypertension 
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accompanied by tachycardia occurred, in 1 of the 15 cases, a combination of 
hypertension and bradycardia was revealed. 
 
It only makes sense to use this detection technique if a high sensitivity/specificity 
level can be reached. Therefore, a sensitivity and specificity analysis was performed 
as shown in table 3.  It can be seen that a simultaneous occurrence of hypertension 
and tachycardia, defined as a 20% increase in HR and MAP, has a sensitivity of 93% 
to detect a decrease of the CPP below 15 mmHg. Furthermore, the single case 
where no tachycardia was seen, was in patient 14 during tumour retraction where we 
saw an abrupt bradycardia, which may have prevented the emergence of tachycardia 
because of direct stimulation. A drop of the CPP to between 15 and 30 mmHg often 
results in a Cushing reflex, but frequently causes a clean hypertension without 
tachycardia or bradycardia. A drop of the CPP to between 30 and 40 mmHg almost 
never results in a Cushing reflex. When we omit patient 14 in the analysis, the 
sensitivity of a cushing reflex to detect a severely decreased CPP becomes even 
stronger. The occurrence of a simultaneous hypertension and tachycardia during the 
endoscopic procedure has a specificity of 77% (20/26) in detecting a decrease of the 
CPP to below 30 mmHg. 
 
It has to be stated that a CPP lower than 50 mmHg not always resulted in 
haemodynamic changes as observed in table 2. Moderate lowering of the CPP 
evokes an isolated adaptive hypertension within seconds due to an unexplained 
mechanism. Remarkably, this - often modest – increase in blood pressure induces an 
increase in CPP. In all cases where the blood pressure increased following a 
moderate CPP drop, the hypertension seemed controlled and aiming for a 
normalisation of the CPP at a level between 35 and 50 mmHg, as illustrated in figure 
3A. Since the adaptive increase of the MAP may result in a normalisation of the CPP, 
one can consider such phenomena as a protective and effective action of the brain 
for preserving an adequate CPP despite an increased ICP. Beiner and colleagues 
proved that such an increase in the mean systemic arterial pressure restores the 
cerebral blood flow to approximately normal levels15.  
Only when the increase of the ICP was too fast for adaptation and consequently the 
CPP dropped below a threshold level between 15 and 30 mmHg a tachycardia  
developed. Within seconds after the CPP dropped below a threshold (in most 
patients around 15mmHg), a prominent uncontrolled increase in MAP and HR 
occurred resulting in a considerable overshoot of the CPP. Though, if the CPP is 
restored quickly (due to the increased MAP or due to decreased ICP), a 
normalisation of the MAP and HR is seen within minutes. Even in these instances, if 
an increased ICP imposes an increased MAP for preserving the CPP, the MAP only 
normalises up to the required value. Therefore, one can state that exclusively 
measuring the ICP, without taking into account the MAP, might result in misleading 
conclusions regarding cerebral perfusion. As observed in two small children aging 1 
and 3 month, an ICP considered tolerable in general, may in some instances of low 
MAP be unacceptably high. This is in agreement with previous observations by 
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Fabregas and colleagues6,13.  They have tried to solve the problem of early 
recognition of any increase in intracranial pressure (ICP) by measuring the pressure 
inside the neuro-endoscope. They observed a lack of systemic changes 
accompanying high peak intra-endoscopic pressures, making it difficult to believe that 
these pressures really reflect the ICP.  
These results might suggest to pharmacologically increase the MAP in order to allow 
higher ICP-values, though this could also increase the risk of bleeding or other 
adverse effects. An optimal MAP could be determined together with the surgeon, 
based on the patient‟s risk factors and type of procedure. 
 
Haemodynamic alterations occurred more frequently when lowering the CPP, as 
concluded from figures 1A and B. When considering the changes in heart rate, a 
more pronounced incidence of tachycardia was seen at lower CPP. As shown in 
table 4 there is a stronger correlation of 0.589 and –0.659 between the degree of 
tachycardia and the ICP/CPP respectively than the weaker correlation of  -0.176 and 
0.256 found between the degree of bradycardia and the ICP/CPP respectively.  
Direct stimulation of the floor of the third ventricle may induce both hypertension and 
hypotension, together with bradycardia or tachycardia16. Possibly, the underlying 
cause of bradycardia is different from tachycardia, as postulated by El-Dawatly5.  He 
specifically focused on the incidence of bradycardia during endoscopic third 
ventriculoscopy. It was postulated that the bradycardia is the result of stimulation of 
the floor of the third ventricle by the endoscope4,5,  or caused by distortion of the 
posterior hypothalamus17. As can be seen in table 2, the initial manifest bradycardia 
following a CPP drop was seen only in one patient, although in this patient it was 
seen multiple times. As such, this patient represents all episodes of bradycardia at 
CPP levels lower than 50 mmHg in our table 2. All these cases of isolated 
bradycardia coincided with manipulation of the tumour and may well be due to direct 
mechanical stimulation ; the increased ICP may well be coincidental and not the 
cause of the bradycardia, as suggested in figure 1A and 1B.  
Probably, the Cushing reflex was obscured by mechanical stimulation in an attempt 
to remove a pineal tumour. One of the severe bradycardic periods in this patient is 
illustrated in figure 3B.  In table 4, the correlation coefficients are shown for all 
patients and with patient 14 omitted. Remarkably, after exclusion of patient 14, the 
correlation between the CPP and bradycardia even reverses. Most importantly, the 
correlation between ICP/CPP and bradycardia is almost absent while the correlation 
between ICP/CPP and tachycardia becomes even stronger.  
 
These data suggest that under a stable anaesthetic condition, severe haemodynamic 
changes that are not associated with tumour retraction are most likely due to 
compromised CPP. Furthermore, in these cases, we almost exclusively observed 
tachycardia and hypertension, and no bradycardia. The anaesthetic used (TIVA and 
remifentanil) tends to give relatively slow heart rates, which may explain why relative 
bradycardia is less frequently seen, since the analysis is based on relative changes 
to baseline. It might be that other general anaesthesia techniques give different 
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haemodynamic responses. Nevertheless, other causes of haemodynamic changes 
must be considered during endoscopy. For instance, bradycardia might be caused by 
the pressor reflex (end of figure 3A), due to iatrogenous hypertension, during normal 
brain perfusion. In these cases, only precise knowledge of the CPP values can permit 
us not to disturb the surgical proceeding. Therefore, it is crucial to correlate the 
observed haemodynamic instability with the ICP measured via the endoscope. As 
observed in traumatic brain injury18 in infants, open fontanels and/or sutures do not 
preclude the development of intracranial hypertension. We recorded a clear Cushing 
reflex in a 1 and 3 month old child as illustrated in figure 3C.  
 
In the literature, there is no consensus about safe ICP-values during neuro-
endoscopic interventions19. Our research suggests that the seeking of such a safe 
and convenient ICP value is doomed to fail, since the brain perfusion is regulated by 
the CPP. Our observations of the haemodynamic effects of the ICP and CPP show 
that no observable effects are seen with a CPP above 40 mmHg, independent of the 
ICP. 
 
Due to ethical and medical considerations, we did not investigate the haemodynamic 
effect during long lasting periods of a decreased CPP. When an increased ICP 
coincided with an haemodynamic change, the surgeon was informed and the ICP 
was lowered immediately. As a result, we have not evaluated possible post-
tachycardial bradycardia as classically described by Heymans2. Further animal 
experiments could be done to confirm this sequence of events during longer lasting 
iatrogenous ICP-increases. 
 
Conclusion 
We have shown that the onset of a Cushing reflex is a reliable sign of unsafe 
increase in intracranial pressure (ICP) and hence a dramatic decrease in CPP during 
neuroendoscopy. We showed that in most cases a sudden decrease of the CPP 
below a threshold of 20-30 mmHg is quickly followed by a Cushing reflex. In contrast,  
a slow decrease of the CPP is often corrected by an adaptive increase of the MAP. 
The meticulous assessment of the perfusion pressure is the only valid variable to 
assess brain perfusion and not the ICP on itself. Nevertheless, one must always be 
aware of possible erroneously low measured ICP values. For instance, in one case, 
we noticed a sudden drop of the ICP and a disappearance of the cardiac pulsations 
on the ICP waveform. A few seconds afterwards an abrupt tachycardia and 
hypertension occurred. This event was at a moment that a lot of debris was floating in 
the rinsing fluid. An obstruction of the outflow was the cause of this event. Shortly 
after retraction of the endoscope, the heart rate and blood pressure normalised. A 
continuous assessment of the irrigation pressure could be useful for early detection in 
such cases. Since outflow obstruction could be a serious cause of sudden rise in 
ICP, a safety system to detect such problems should be considered. 
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These observations have important repercussions on the clinical plan in neuro-
endoscopic procedures, including in small children. It is imperative to assess subtle 
cardiovascular changes, in particular hypertension coupled with 
tachycardia/bradycardia as fast as possible in order to alert the surgeon. Our study 
shows that looking for and identification of a Cushing reflex, together with continuous 
monitoring of the arterial and intra-endoscopic pressure and the surgical manoeuvres 
is a reliable and valuable adjunct to the existing monitoring techniques to protect the 
patient undergoing a neuro-endoscopic procedure. 
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Exceptional clinical observation:  
total brain ischemia during normal intracranial 
pressure readings caused by obstruction of the 
outflow of a neuroendoscope.  
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Background 
The necessity of invasive blood pressure monitoring during neuroendoscopy is 
questioned because measuring the pressure inside the endoscope is assumed to be 
an adequate alternative1. Although in most cases this is correct, high flush rates or 
intraendoscopic obstruction of the outflow may make this method of assessing the 
intracranial pressure (ICP) inaccurate. We present a patient having a 
neuroendoscopic procedure in whom the measured pressure inside the endoscope 
greatly underestimated the actual ICP. 
 
Procedure 
A previously healthy 11-year-old boy had a neuroendoscopic biopsy of a tectum 
tumor. During the procedure we continuously monitored the arterial blood pressure 
(Art), the “intracranial pressure” (ICP) by connecting a pressure transducer to the 
outflow of the endoscope1, and the cerebral blood flow (CBF) by transcranial Doppler 
on the middle cerebral artery (Fig. 1).  
 
Observation 
The first 20 seconds show the CBF, Art, and ICP waveforms during endoscopy: the 
ICP is low, and there is an adequate CBF. After 20 seconds the ICP increases 
moderately, whereas the MAP remains stable. The Doppler signal has already begun 
to diminish. At 53 seconds, the measured ICP suddenly drops to zero. Almost 
immediately, a rapid drop in the Doppler signal is noticed, suggesting a total arrest of 
the CBF. Within 20 seconds, a Cushing reflex emerges. We alerted the surgeon, who 
withdrew his endoscope, and the CBF returned immediately. In this event, an 
obstruction of the outflow channel caused a total arrest of the CBF.   
A few minutes after restoration of the CBF, the blood pressure and heart rate 
returned to their initial values. Two such events were observed during this procedure. 
The patient awoke in the operating room and was discharged from hospital 3 days 
later with no complications. 
 
Discussion 
Although many readers would associate a Cushing reflex with bradycardia, animal 
research2 and our recent clinical work3 show that the initial features of a Cushing 
reflex consist of hypertension and tachycardia. 
At the moment of the obviously false ICP readings, there was a lot of debris floating 
in the rinsing fluid. Almost certainly, the events were caused by an obstruction of the 
outflow channel inside the endoscope, which prevented the normal evacuation of the 
rinsing fluid and caused an inadequate ICP assessment. In both events, the small 
increase in ICP readings would not be considered worrisome in the absence of a 
Cushing reflex notification.  
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Conclusion 
1. In contrast to the statement made by Fabregas and Craen1, we would like to 
conclude, first, that continuous invasive blood pressure monitoring is 
essential during every neuroendoscopic procedure in which an iatrogenic 
increase of the intracranial pressure is possible.  
  Continuous monitoring of the pressure inside the endoscope is not a safe 
alternative for continuous invasive blood pressure monitoring.  
2. Middle Cerebral Artery velocity Doppler readings gave the fastest indication 
of ICP problems. Although in neurosurgical procedures it is not always 
feasible to obtain these readings, one could consider it to be standard 
practice. Because a recent review of problems during pediatric 
neuroendoscopy showed a high incidence of complications4, this statement 
warrants further investigation. 
 
 
 
Registration of the arterial blood pressure (Art), intracranial pressure (ICP) and 
cerebral blood flow velocity (CBF) during an obstruction of the outflow of the 
neuroendoscope. 
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Abstract 
 
Background : During endoscopic neurosurgery, direct mechanical stimulation of the 
brain by the endoscope and increased intracranial pressure (ICP) caused by the 
continuous rinsing can induce potentially lethal haemodynamic reflexes, brain 
ischaemia and excessive fluid resorption.  
 
Methods : In a newly presented rat model of endoscopic neurosurgery, stereotactic 
access to the cerebrospinal fluid was secured and the ICP was increased by 
controlled infusion until complete suppression of the cerebral perfusion pressure 
(CPP). The haematocrit level was determined before and after the procedure. During 
the whole procedure, invasive arterial pressure, ICP and heart rate were continuously 
recorded and evaluated in a subsequent offline analysis. After the procedure, the 
animals were allowed to recover and seven days later they were killed for histological 
examination. 
 
Results : Suppression of the CPP resulted in a severe hypertension combined with 
tachycardia or mild bradycardia. The haematocrit dropped from 41 to 35 over the 
minutes of CPP suppression. After cessation of the infusion, the ICP dropped to 37% 
of the plateau pressure within 2.5 seconds. In the first few minutes after restoration of 
normal ICP, five animals died because of pulmonary edema.  
 
Conclusion : Upon complete suppression of the CPP, an obvious hypertension 
developed, often together with tachycardia, but no severe bradycardia. At high ICP 
levels we observed an important translocation of irrigation fluid to the vascular space. 
Fatality was not caused by ischaemia or arrhythmia but due to pulmonary edema. 
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Introduction 
 
Background 
The introduction of endoscopic neurosurgery has resulted in important advantages in 
the treatment of many pathologies such as hydrocephalus or brain tumours. During 
these procedures, the endoscope is advanced into the ventricles, where after 
continuous rinsing of the ventricular cavities is performed. Extensive rinsing however 
may increase the intracranial pressure (ICP), and consequently decrease cerebral 
perfusion pressure (CPP). As a result of the intracranial hypertension, a Cushing 
reflex may occur, which can evolve into dangerous haemodynamic instability. 
Secondly, the increased pressure of the cerebrospinal fluid (CSF) increases the 
arachnoidal reabsorption1, eventually relocating rinsing fluid to the vascular space. 
Furthermore, direct stimulation of the bottom of the third ventricle can induce various 
haemodynamic responses. Initially it was supposed that an open outflow channel of 
the endoscope guarantees that the ICP does not increase too much. However, since 
then, many groups2 3 4 have reported severe haemodynamic changes that 
presumably can only be attributed to the intracranial manipulations. 
 
Since extensive manipulation of cerebral structures during difficult surgical 
procedures often necessitates higher rinsing flows, it is impossible to clearly 
differentiate between direct stimulation of the brainstem and a genuine Cushing 
reflex as the cause of these haemodynamic changes. 
 
Existing animal models 
Ever since Cushing5 and others started investigating the haemodynamic effects of 
intracranial hypertension, all animal models were based on extradural volume 
expansion, using direct extradural fluid infusion, balloon inflation or traumatic injury. 
Since the intracranial hypertension during endoscopic neurosurgery is induced by 
ventricular volume expansion, the aforecited methods may not be accurate as a 
model for studying haemodynamic changes during neuroendoscopy. 
 
Aim of the study 
Therefore, in the present study, we propose a rat model of direct subarachnoidal 
volume expansion as an experimental model for intracranial hypertension during 
endoscopic neurosurgery.  
The aim of the present study is to evaluate the nature of the haemodynamic changes 
as a result of isolated intracranial hypertension and to elucidate the hydrodynamics of 
the rinsing fluid. 
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Methods 
 
The experimental protocol was approved by the Ethical Committee for Animal 
experimentation of the faculty of medicine and health sciences, University of Ghent 
respecting the national guidelines for the treatment of experimental animals.  
 
Animal preparation 
Male albino Wistar rats (weight, 250-500 g) (iffa credo, Brussels, Belgium) were 
anaesthetized with sevoflurane 2% in a mixture of O2 (30%) and N2 (70%). After 
spontaneous movements stopped, the concentration was increased to 4% ; we 
waited for another 30 seconds and the animal was put on his back. The tail artery 
was cannulated with a PE-50 tubing for monitoring of arterial pressure, periodic blood 
sampling and for drug administration. During cannulation a little funnel was placed 
over the head for administration of sevoflurane 4%. The animals were orally 
intubated with a 16-gauge catheter. To facilitate intubation, sevoflurane 8% was 
administered through the catheter under direct vision6 of the vocal cords until they 
were immobile and standing wide open. Then the animals could smoothly be 
intubated. After securing the airway, sevoflurane was set at 2% and the animals were 
positioned in a stereotaxic frame. A syringe pump with a constant flow rate of 0.02 
ml/min was connected to the arterial line.  
 
Stereotactic access to the CSF 
An incision of the skin, 2 mm in length, directly overlying the occipito-vertebral 
junction was made on the dorsal side of the neck. An 18-gauge catheter needle 
(Laeder Cath, Laboratoires pharmaceutiques, Ecouen, France) was stereotactically 
introduced between the scull and the atlas into the cisterna magna for access to the 
cerebrospinal fluid (CSF). The stereotactical coordinates consistently were 2.5 mm 
above the level of the earpins and 4 mm posterior to the level of the earpins in the 
median plane. Before insertion, the needle was connected to a pressure transducer 
(PMSET 1DT-XX Becton Dickinson Critical Care Systems Pte Ltd, Singapore) and a 
syringe filled with Ringer solution. The needle-transducer system was completely 
filled with the solution; the syringe was placed in a syringe pump (model 600-0, 
Harvard apparatus, Dover. Mass.) and a flow of 0.04 ml/h was initiated.  
 
As the needle was advanced slowly through the tissues with a micromanipulator, a 
linearly increasing pressure was recorded. Upon entering the subarachnoidal space, 
the pressure reading dropped to a pulsatile waveform matching a normal ICP of 5 ± 2 
mmHg. Low frequency ventilatory pulsations are superimposed to high frequency 
cardiac pulsations. (See fig. 1). 
 
Then, the needle was left in place for continuous ICP monitoring and ICP-
manipulation. 
Animal model of endoscopic neurosurgery 
 
  
45 
Figure 1: Pressure waveform during placement of the occipital needle. 
 
 
As no spontaneous movement was observed during the animal preparation, the 
degree of analgesia and hypnosis was considered adequate. Then, the animals were 
paralysed with cisatracurium 0.2 mg/kg and ventilated by controlled intermittent 
positive pressure ventilation with a tidal volume of 12 ml/kg and a frequency of 50 
min-1. After an equilibration period of 5 minutes, arterial blood samples were taken for 
Hct, pH, PO2 and PCO2. If necessary, ventilator settings were adjusted to obtain an 
arterial PCO2 between 32 and 38 mmHg. A rectal temperature probe was placed for 
core temperature monitoring, which was maintained at 37.0°C by a heating pad.  In 
total, twenty animals were used. After baseline measurements with 5 min of 
stabilisation, another dose of cisatracurium was given.  
 
Data recording 
The arterial pressure and ICP were monitored using an S5 monitor (GE Health Care, 
Helsinki, Finland). Both pressure transducers were placed at the level of the external 
acustic meatus. Locating both pressure transducers at the same level allows 
accurate calculation of the CPP (CPP = MAP – ICP). Both pressure waveforms were 
continuously recorded at 100Hz on a PC using the S5 collect® software for 
subsequent off-line analysis. 
 
Induction of intracranial hypertension and haemodynamic management 
The ICP was then slowly increased using the syringe-pump connected to the ICP-
pressure transducer. After each increase of the infusion rate, the ICP was observed 
until a plateau was reached. The infusion rate was gradually increased until the ICP 
exceeded the systolic pressure. During suppression of the CPP, a distinctive Cushing 
reflex developed as expected 5 7.  When the MAP increased, we increased the ICP in 
order to sustain total CPP suppression. The infusion rates were continuously 
recorded. If haemodynamic collapse occurred, no attempt at resuscitation was made.  
Complete CPP suppression was maintained for different periods ranging from 90 to 
514 seconds, after which the syringe-pump was stopped. ICP recording was 
continued after cessation of fluid infusion; the one-way valve of the pressure 
transducer prevented intracranial fluid to flow back through the needle. Then, the 
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total volume of fluid infused into the subarachnoidal space was recorded and an 
arterial blood sample was taken for Hct, pH, PO2 and PCO2. During the procedure, 
the eyes of the rats were examined on colour and pupil-size. It was assessed that no 
fluid had leaked alongside the needle. 
 
In the first group of rats (N-group, n=5), the procedure was carried out as described 
above. 
Because of the high mortality rate (3 out of 5) in these rats, probably due to 
excessive fluid infusion and severe hypertension, the procedure was modified in 
order to differentiate the cause of the fatality between brain ischaemia and 
haemodynamic reasons. In order to attenuate the cardiovascular consequences of 
the Cushing reflex, rats were pre-treated with repetitive boluses of labetalol 50 µg 
until additional boluses didn’t generate any further lowering of the MAP (L-group, 
n=3). 
In another group of rats, increasing concentrations of inspiratory sevoflurane were 
administered until the systolic pressure was lowered to 55 mmHg before the ICP was 
increased (S-group, n=12). In this way, the necessary increase in ICP to suppress 
the CPP was lower. During the ICP-increase, the inspiratory sevoflurane was altered 
depending on haemodynamic needs.  
 
After normalisation of the ICP, the animals were kept anaesthetized for at least one 
hour until haemodynamic stability was reached. During this period ICP-monitoring 
was maintained. If necessary the sevoflurane concentration was increased to at most 
6% in order to control rebound hypertension. If possible, the inspiratory sevoflurane 
concentration was lowered to 1%. One hour after the ischaemic event, the animals 
were taken out of the stereotactic frame, the arterial catheter was removed, wounds 
were closed and the animals were allowed to breathe room air spontaneously. When 
coughing reflexes occurred, the tracheal tube was removed. The animals were 
closely observed the following hours. Any abnormal behaviour or motoric dysfunction 
was registered. If suffering was suspected, the animal was euthanized 
(intraperitoneal pentobarbital 150 mg/kg). 
 
Analysis of pressure waveforms 
During offline analysis after the experiment, arterial and ICP waveforms, MAP, mean 
ICP and heart rate (HR) were analysed. The CPP was calculated as the difference 
between mean arterial pressure and mean ICP. High-resolution waveforms at 100 Hz 
of the arterial pressure, ICP and CPP were visualized for detailed description of the 
haemodynamic phenomena.  
 
The ICP-level upon entering the subarachnoidal space was determined (ICPBaseline). 
In order to evaluate the influence of the ICP on the cerebral perfusion, several 
parameters were examined. The MAP and HR prior to the initiation of the CPP-
suppression, the ICP and CPP values at the onset of the Cushing Reflex and the 
period of total CPP suppression were determined. The highest value of the ICP, MAP 
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and HR during CPP-suppression was registered. The evolution of the MAP and HR 
during the procedure was graphically represented.  
The Pulse Pressure of the ICP (PPICP) was calculated as the difference between the 
systolic and diastolic ICP-pressure and graphically represented together with the 
MAP, ICP and CPP waveform. The lowest and highest PPICP during the procedure 
were detected and analysed in relation to the ICP and CPP. It was assessed whether 
PPICP suppression occurred at the moment of CPP ≤ 0 mmHg.  
 
At different infusion rates of Ringer solution into the CSF, the plateau-pressure 
(ICPPlateau) was determined, together with the MAP. The time constant tau – being the 
time required for the ICP to return to 1/e (=37%) of its baseline value after stopping 
the fluid infusion8– was also calculated based on the pressure waveforms and related 
to the MAP.  
 
Histological evaluation 
On day 8 of the experiment, the animals were euthanized with an intraperitoneal 
injection of pentobarbital 150 mg/kg and were decapitated. The animals that died 
during the procedure, or that were euthanized in the first 24 hours after it, were 
excluded from histological analysis.  
The brain was fixed in 10% buffered formaldehyde for at least 12 hours. 
After adequate fixation, the brain was embedded in paraffin, and serial sections (5 
micrometer thick) were cut and stained with hematoxylin and eosin, prior to 
histological evaluation. Serial sections were evaluated by light microscopy to 
determine the presence of haemorrhagic lesions. In order to estimate ishaemic injury, 
the number of pycnotic cells in the CA1-pyramidal cell layer of the hippocampus was 
counted9.  
 
Results 
 
Procedure 
The induction of anaesthesia, arterial cannulation, tracheal intubation and positioning 
of the head in the stereotactic frame was well tolerated by all animals. In all animals, 
except one (animal S9), the subarachnoidal space was entered without difficulties. In 
this animal, no reliable ICP waveform could be obtained; it was excluded from further 
analysis.  
 
Upon entering the subarachnoid space, a waveform with cardiac pulsations 
superimposed on respiratory oscillations confirmed correct placement of the needle 
(see fig.1). The initial ICP was 5 ± 2 mmHg (mean ± SD, n = 15) in all animals.  
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A summary of all measured values is given in table 1: For the N-group (no 
precautions), L-group(labetalol), and S-group(sevoflurane),  following parameters are 
shown (mean ± SD) : the baseline intracranial pressure (ICP) after access to the CSF 
;  the baseline mean arterial pressure (MAP) and heart rate (HR) before inducing 
intracranial hypertension ; the maximal ICP, MAP and HR during intracranial 
hypertension ; the total ishaemic time ; the minimal pulse pressure (PP) during 
suppression of the cerebral blood flow and the maximal PP during increased ICP; the 
total volume of infused fluid. 
 
Table 1 : Summary of all measured values in the different groups. 
 
 
Haemodynamic changes 
The evolution of the MAP and Heart Rate in the first 200 seconds of induction of 
intracranial hypertension is presented in figure 2.  
 
At time 0, the ICP is increased. A two-fold increase of the initial arterial pressure is 
seen in group N and L compared to a three-fold increase in group S. In all three 
groups, the MAP increases significantly after induction of intracranial hypertension 
(p<0,01).  
 
In the N-group, tachycardia as well as bradycardia is observed following induction of 
intracranial hypertension. In the L-group there is a tendency towards bradycardia. In 
the N-group and L-group no significant change in heart rate is observed after 
induction of intracranial hypertension. 
 
In the S-group, there is a significant induction of tachycardia within seconds after 
induction of intracranial hypertension (p<0,01). 
 
Compared to the N group, there was no significant decrease of the initial MAP 
(p=0.06) or HR (p=0.53) in the L-group; but there was a significant decrease of initial 
MAP (p<0.01) and HR (p<0.01) in the S-group. 
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Figure 2 : Haemodynamic changes following induction of intracranial 
hypertension. 
 
 
In a first series of experiments (N-group, n=5) the CPP was suppressed for 231 ± 
125 seconds. In all animals a Cushing reflex, consisting of a clear hypertension and 
bradycardia or tachycardia occurred following induction of intracranial hypertension 
(fig. 2a, 2d, 3). The PPICP dropped from a maximal value of 14 ± 8 mmHg to 1 mmHg 
when the ICP increased above the systolic pressure. Of the five animals in the N-
group, two animals survived the procedure. The three animals that did not survive 
showed severe pulmonary edema, with pink frothy fluid obstructing the tracheal tube.  
 
In the L-group (n=3), administration of labetalol decreased the initial MAP and HR. 
The CPP was suppressed for 207 ± 54 seconds. Again, the PPICP was suppressed 
from a maximal 11 ± 2 mmHg to 2 mmHg. The hypertension was blunted to a 
maximum MAP of 148 ± 11 mmHg (fig. 2b). A modest bradycardia was observed in 
two of the animals. No tachycardia was seen in this group (fig. 2e). Two of the three 
animals died during the procedure; one of them showed obvious pulmonary edema. 
The animal that did survive showed a spastic paralysis of the hind paws, which 
resolved within 24 hours.  
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The nature of the Cushing reflex  
As an example, figure 3 shows a typical recording of the sudden change in arterial 
blood pressure in response to an increased ICP during an S group experiment. 
Inspiratory sevoflurane concentration of 8% results in a low initial ABP and causes 
brady-arrhythmia. Five seconds after increasing the ICP, the arrhythmia resolves and 
a Cushing reflex initiates. Notice a low Pulse Pressure of the ICP (PPICP) at 0-7 sec; 
an absent PPICP when ICP>ABP and relatively high PPICP when ICP = MAP. 
 
Figure 3 : Typical recording of haemodynamic changes. 
 
 
In the S-group (n=12), administration of sevoflurane 8% strongly decreased the MAP 
and the HR. In five animals, brady-arrhythmia developed before the induction of 
intracranial hypertension because of the high sevoflurane concentration; this 
condition subsided within seconds after increasing the ICP. (See fig 3). The CPP was 
suppressed for 247 ± 101 seconds. The MAP increased only to 116 ± 21 mmHg and 
the HR to 345 ± 33. In all animals, the Cushing reflex consisted of an unambiguous 
onset of hypertension and tachycardia (fig. 2f). The PPICP was suppressed from 7 ± 3 
mmHg to 1 ± 0 mmHg during total CPP suppression. At the moment of maximal 
PPICP, the CPP was 4 ± 5.8 mmHg. 
 
After the intracranial fluid infusion was stopped, most animals showed an initial 
hypotension, followed by a prominent hypertension, which could efficiently be 
controlled by increasing the sevoflurane concentration during several minutes. Within 
30 minutes, the arterial pressure tended to normalize. In the postischaemic period, 
the ICP did not show any important increase. 
 
Intracranial Fluid resorption  
During CPP suppression, an important amount of fluid is absorbed from the 
subarachnoid space into the circulation  (14 ± 3.08 ml) as indicated by the 
haematocrit, dropping from 41.1 ± 3.0 % before CPP suppression to 35.2 ± 3.6 % (p 
< 0.001, n=10) afterwards.  
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Figure 4 shows the drop in Haematocrit level for the individual animals. The levels 
before and after CPP suppression indicate the infused fluid was resorbed into the 
vascular compartment. All samples are from the sevoflurane group. Since in some of 
the animals the second blood sampling via the tail artery was not possible, only 10 
coupled data points were obtained. 
 
Figure 4 : Drop in Haematocrit level for the individual animals.  
 
 
Outcome and analysis 
All the animals of the S-group, survived the entire procedure. Six animals showed 
normal behaviour one hour after recovery from anaesthesia. Five animals showed a 
transient paralysis of the hind legs, which resolved within 24 hours. One animal (S11, 
with the longest CPP-suppression time of 563 seconds) showed persistent 
paraplegia, and was therefore euthanized after 24 hours. The remaining animals 
completely recovered of the ischaemic insult and were euthanized at the end of the 
observation period of 7 days.  
 
In order to differentiate the cause of haemodynamic collapse between fluid overload 
and brain ischaemia, different parameters were assessed to evaluate true 
suppression of the cerebral blood flow (CBF). In all animals paling of the eyes and 
onset of mydriasis was clearly present during CPP-suppression. Paling of the eyes 
was particularly easy to evaluate in these albino animals.  
 
Close observation of the MAP and ICP waveforms shows the exact duration of zero-
CPP, caused by an ICP which is maintained slightly above the systolic pressure, 
resulting in a complete suppression of the CBF10. 
Analysis of the ICP pressure waveform shows a very reproducible pattern of the 
PPICP in relation to the CPP. Figure 5 illustrates that when the ICP is increased slowly 
towards the arterial pressure, the PPICP increases and has its maximum when the 
ICP equals the diastolic pressure. When the ICP increases further to above the 
systolic pressure, the PPICP decreases to almost zero.  
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Figure 5: The ICP pressure waveform in relation to the CPP. 
 
 
After cessation of the infusion, a fast drop of the ICP occurs. Figure 6 shows the 
exponential descent of the ICP from 100.3 mmHg to its baseline value. In this case, 
the pressure drops to 1/e (= 37%) of the plateau pressure value within 2.4 seconds, 
thus tau = 2.4 seconds.  
 
Figure 6 : Profile of the ICP pressure drop after cessation of the infusion. 
 
 
For all cases, Tau was 2.5 ± 1.2 seconds (mean ± SD), illustrating a fast recurrence 
of the ICP to baseline values after cessation of the infusion.  
 
Histologic analysis showed that except for one animal, no haemorrhagic injury was 
inflicted during the procedure. In this animal, a haemorrhagic zone was observed in 
the periventricular white matter. All animals were evaluated for signs of ischaemia in 
the hippocampal neurons.  No infarctions could be demonstrated. In the animals of 
the S-group that survived the procedure, 22 ± 23 % (mean ± SD) of hippocampal 
CA1-cells were pycnotic. 
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Discussion 
 
Neuroendoscopy is increasingly applied in the treatment of intracranial pathology. 
Despite the minimal invasive nature of this technique, important morbidity and even 
mortality can occur as a result of intracranial circulatory insufficiency11 and 
haemodynamic reflexes. Since extensive manipulation of cerebral structures during 
difficult surgical procedures often coincides with higher rinsing flows, it is impossible 
to clearly differentiate the cause of these haemodynamic changes between direct 
stimulation of the brainstem and a genuine Cushing reflex.  
 
In order to investigate the cerebral hydrologic and haemodynamic impact of 
intracranial hypertension as a result of an isolated high rinsing pressure, we used a 
simple model for ICP related manipulation of cerebral blood flow, devoid of any direct 
traumatic effects on brain structures. 
 
Our technique of providing stereotactic access to the CSF has the advantage of a 
very reproducible and minimal invasive setup, which permits precise control of the 
ICP without direct manipulation of the brain structures. This method allows 
investigation of the influence of isolated intracranial hypertension on the 
haemodynamics without interference caused by direct cerebral stimulation or 
distortion of brain structures. Because of the minimal invasive nature, the animals 
can easily be awakened after the procedure to allow post-interventional evaluation. 
Additionally, this model allows precise determination of the rate of fluid resorption 
related to the ICP. Our previous research2 12 indicated that a remarkably high ICP up 
to 150 mmHg can arise very quickly during neuro-endoscopy, which may remain 
unnoticed when no ICP-monitoring is used. These high pressures occur for instance 
when heavy rinsing is required for surgical reasons. Since this might induce important 
translocation of rinsing fluid to the vascular system, we determined the rate of 
intracranial fluid resorption related to the ICP. 
 
In the N-group, a very pronounced hypertension (fig. 2a) occurred together with a 
relatively modest bradycardia or tachycardia (fig. 2d). In order to determine the 
haemodynamic effects of sustained CPP suppression, we kept increasing the ICP in 
order to maintain the ICP above the systolic pressure. Despite a complete 
suppression of the CPP, only a modest change in heart rate is observed. Although 
the arterial pressure tended to decrease during minute-long CPP-suppression, it still 
remained well above the initial arterial pressure for many minutes. Several minutes 
after lowering the ICP to baseline levels, three of the five animals died from obvious 
pulmonary edema.  
 
This phenomenon has two important consequences that must be solved. The 
Cushing reflex generates a morbid hypertension that may have a direct impact on the 
brain and in many cases results in haemodynamic collapse as a result of pulmonary 
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edema. Secondly, the high MAP necessitates very high intracranial infusion rates of 
up to 8 ml/min in order to suppress the CPP. The haemodynamic collapse can be 
caused either by brain ischaemia or by an extreme Cushing reflex due to the 
intracranial hypertension. In order to differentiate between these two causes, we 
developed a strategy to lower the initial MAP and to blunt the Cushing reflex, 
necessitating only a modest secondary increase of the ICP to keep the CPP 
suppressed. 
 
Administration of labetalol prior to the initiation of the CPP suppression clearly 
reduces the initial MAP and the secondary hypertension. Still, important hypertension 
occurred, which necessitated high inflow rates to maintain the CPP suppressed. In 
these animals, we saw a tendency towards relative bradycardia but even after 
minutes of complete CPP-suppression there was no evolution to severe bradycardia. 
The absence of tachycardia was expected after the administration of labetalol. Again, 
only several minutes after CPP-suppression, two of the three animals in the L-group 
died, because of pulmonary edema.  
As we had no a priori knowledge of the expected outcome, no statistical sample size 
determination was performed. Since the mortality rate in the N- and L-group was so 
high, it was considered unethical and useless to continue this strategy.  As a second 
strategy to mitigate the cardiovascular consequences of the Cushing reflex, we 
increased the sevoflurane concentration to 8%. This induced a significant initial 
decrease of the MAP (fig. 2c) and HR (fig. 2f). After increasing the ICP, a very 
reproducible increase of the MAP together with an obvious tachycardia developed.  
Initially, it was not known whether the animals would awaken after complete CPP 
suppression of several minutes. As the animals awoke normally, in the subsequent 
experiments, the time of CPP suppression was increased in order to be able to 
determine the sequence of haemodynamic events during long-lasting CPP 
suppression and to differentiate the cause of morbidity or mortality between brain 
ischaemia and other reasons. In none of the animals, bradycardia was observed. 
This indicates that when relative bradycardia is induced by anaesthetic drugs, this 
may completely mask the bradycardia of the Cushing reflex, while still allowing a very 
important tachycardia to develop. Anyway, in the sequence of events in every animal 
in the three groups, we never saw a sudden severe bradycardia during the 
hypertensive phase. The fact that a comparable degree of CPP suppression occurred 
in all three groups, suggests that the animals in the N and L group died as a result of 
haemodynamic collapse or pulmonary edema, but not because of cerebral ishaemia. 
The higher infusion rates in the N and L group potentially could induce fatal brain 
herniation, but the late onset of haemodynamic collapse and the clinical presentation 
point towards a genuine cardiovascular collapse as the cause of death. 
 
When the ICP is higher than the MAP, theoretically the CBF should be interrupted. 
We assessed this assumption in different manners. Observation of the eyes of these 
albino-rats showed a distinct pallor at the moment of CPP suppression. Also, the 
naturally existing miosis turns into a mydriasis. After return of the CPP to the original 
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value, there is an immediate return of the reddish colour of the eyes and a return of 
the miosis a few minutes later. Close evaluation of the pulse pressure of the ICP-
waveform also suggests true CBF-suppression. When the ICP is low, only a modest 
PPICP can be seen. When the ICP equals the MAP, the PPICP increases to its 
maximal value. When the ICP increases further above the MAP, the PPICP decreases 
and minimizes to almost zero when the ICP is above the systolic pressure (fig. 5). 
This observation could be of clinical significance. Since the measurement of the 
actual ICP is not always accurate in human neuro-endoscopic procedures12, an 
observed increase of the PPICP suggests that the ICP is approximating the MAP, 
even when the measured ICP-level might suggest otherwise (fig. 5).  
 
We witnessed a very remarkable capacity of the CSF autoregulative system to resorb 
the infused fluid at high ICP. In animal N5, 25 ml of fluid is resorbed in two minutes 
time. This equals ± 5% of the body weight. More evidence of the high rate of fluid 
resorption is the remarkably fast drop of the ICP within a few seconds (fig. 6) after the 
continuous flow is suddenly stopped. Thus, the total amount of infused fluid is 
translocated into the circulation. In these rats of 500 g, an ICP of 100 mmHg induces 
a fluid translocation of 2 ml/min; an ICP of 190 mmHg induces a fluid translocation of 
even 8 ml/min. It is very speculative to extrapolate these flows to human cases, but if 
a weight ratio is used, which is probably an overestimation, in a person of 60 kg this 
ICP of 100 mmHg would result in a translocation of 240 ml/min. Although no one 
would deliberately induce such an ICP, our previous work2 12 has shown that these 
pressures do occur sometimes and may remain unnoticed if the CPP remains 
adequate; certainly if the reflective (and protective) hypertension and tachycardia is 
not recognised as a genuine Cushing reflex and no ICP-monitoring is done.  
 
A ubiquitous drop in haematocrit during the few minutes of CPP-suppression 
confirms that the fluid is translocated to the vascular compartment (fig. 4). 
Conversely, this indicates that when rinsing activity of the ventricular cavities during 
clinical practice induces high ICP-levels, important translocation of fluid will occur.  
 
Interestingly, although brain ischaemia was induced for several minutes, many of the 
animals recovered without any obvious sign of cerebral damage; some had transient 
paresis of the hind paws, which resolved after 24 hours. Histological analysis 
however showed signs of ischaemic injury with an increased number of pycnotic 
neurons in the hippocampus. This indicates that a normal awakening of the patient 
after an apparently uneventful narcosis may not exclude important CPP suppression 
and even ischaemic injury. The number of pycnotic cells in the most vulnerable brain 
regions of the rats show that a clinically ‘complete recovery’ may not be equal to 
perfect cerebral protection during the procedure. 
 
A limitation of the study is the use of high doses of sevoflurane to control the 
haemodynamic reflex. Artru13 demonstrated that up to 3.7% of sevoflurane has no 
influence on CSF formation or reabsorption, but the used concentrations in our study 
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may have had an effect on the CSF translocation. Sevoflurane impairs CBF 
autoregulation14; however, since the CPP was decreased very fast to zero, the 
influence of the high concentration on the time of complete CPP suppression should 
be small. 
 
In conclusion this study shows that in rats, when haemodynamic reflexes are induced 
by isolated intracranial hypertension, it always consists of hypertension, but the 
absence of bradycardia does not exclude even complete CPP suppression. 
Moreover, in many cases, a severe tachycardia is the only and very distinct 
constituent of the induced Cushing reflex. The only instances of severe bradycardia 
we witnessed were after multiple minutes of stern CPP-suppression when total 
haemodynamic collapse was near. Furthermore, this bradycardia only developed 
after the animal was already severely hypotensive; thus we never saw a severe 
bradycardia in the hypertensive phase. This partially confirms our clinical 
observations2 12  15 that hypertension and tachycardia should be the first sign to look 
for when severe intracranial hypertension is suspected. Additionally we have shown 
that important translocation of the rinsing fluid may occur during high rinsing 
pressures. As these high rinsing pressures may not induce observable 
haemodynamic changes as long as the CPP is adequate, we would suggest using 
ICP-monitoring to detect intracranial hypertension.  
Even if pharmacological intervention prevents haemodynamic disturbance caused by 
a severe Cushing reflex, a high iatrogenous ICP may induce important morbidity or 
even mortality, possibly because of uncontrolled rinsing fluid translocation. Although 
in this experimental setup the sevoflurane group had a clearly higher survival rate 
than the other groups, in our opinion no conclusion can be drawn on the protective 
therapeutic potentials of these agents for the management of patients.  
 
These results confirm that in clinical practice, both invasive arterial pressure 
monitoring and ICP-monitoring are imperative during neuro-endoscopy. Since high 
ICP-levels will remain concealed on arterial pressure monitoring as long as the CPP 
is adequate and ICP-monitoring alone is not always accurate, both measurements 
are indispensable to protect the patient against the hazards of endoscopic 
neurosurgery. Moreover, the onset of a Cushing reflex can be used as the ultimate 
monitoring tool whenever a dangerously decreased CPP would remain concealed. 
However, the histological examination shows that the cause of the Cushing reflex 
should be defined immediately and remedied as soon as possible. 
 
The swift increase of the ICP after initiation of the fluid infusion, together with a tau of 
2.5 ± 1.2 seconds, demonstrates that this model allows an accurate control of the 
duration of the whole brain ischaemia. Moreover, histological evaluation shows that 
this method rarely induces cerebral bleeding.  
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Abstract 
 
Introduction : Significant increases in intracranial pressure (ICP) may arise during 
neuro-endoscopic procedures. To detect and prevent serious and sustained 
increases, ICP should be monitored. At present controversy exists on the optimal 
location of the monitoring sensor. Therefore, we conducted an in-vitro study to 
estimate the pressure gradients between the ventricle, the „gold standard‟ site, and 
the rinsing inlet and outlet. We also propose, and have studied, the suitability of a 
transendoscopic method of pressure measurement. 
 
Methods : A custom-made head model and a standard Caemaert endoscope was 
used for the measurements.  During clinically relevant flow rates, pressure was 
measured at the rinsing inlet and outlet, in the ventricle and at the distal end of the 
lumen of the rinsing channel of the endoscope using a Codman tip sensor or 
pressure capillary tube.  All pressure transducers were connected to an S5 monitor. 
Rinsing was enforced by using a pressurised infusion bag. 
 
Results : At a flow of 61 ml/min the steady state pressures at the rinsing inlet, in the 
ventricle, and at the rinsing outlet are 38 mmHg, 26 mmHg and 12 mmHg, 
respectively. At a flow of 135 ml/min the pressures increase to 136 mmHg, 89 mmHg 
and 42 mmHg, respectively.  Pressures measured by a transendoscopically placed 
Codman tip sensor and a capillary measurement at the same site, produced readings 
at all flows that were within 1 mm Hg of those measured in the ventricle.  
 
Conclusion : During endoscopy the most accurate method of measuring ICP is 
measurement via a separately inserted ventricular catheter. Although it is the gold 
standard, this method is usually clinically impractical. In a head model, 
measurements at the rinsing inlet overestimated the ventricular pressure by ~50 
mmHg during heavy rinsing, whereas measurements at the rinsing outlet 
underestimated the pressure by ~50 mmHg. An electronic tip sensor or pressure 
capillary placed at the distal end of the lumen of the rinsing channel of the endoscope 
produced measurements that are equivalent to ventricular pressures, without 
interfering with rinsing fluid flow. 
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Introduction  
 
During the past 3 decades there has been renewed interest in neuro-
endoscopy1,2,3,4,5,6, such that endoscopic intraventricular procedures are common in 
most neurosurgical departments. 
 
Acute intracranial hypertension during neuro-endoscopy 
During these procedures, there is a need for continuous rinsing of the ventricular 
cavities. Initially, it was assumed that an open outflow channel would prevent a rapid 
build up of intracranial pressure.  However, many publications have shown that 
significant increases in intracranial pressure (ICP) may arise during these 
procedures. The principal reasons for induced intracranial hypertension are 
increased rinsing when bleeding impairs visibility7, and obstruction of the outflow 
channel by tissue debris8 or kinking of outflow tubes. Excessive increases in ICP 
should be avoided since intracranial hypertension can lead to cardiovascular 
complications9,10, herniation syndrome, retinal bleeding11 , Terson‟s syndrome12 and 
excessive fluid resorption13.  
 
Optimal location for ICP monitoring 
Controversy exists on the optimal location at which ICP should be monitored. 
Although direct measurement of ventricular pressure is the gold standard, insertion of 
a separate catheter for this purpose is clinically impractical and difficult to justify. 
Since fluids flow down pressure gradients, and flowing fluids generate dynamic 
resistances, measurement at the rinsing inlet and outlet are likely to correlate poorly 
with ventricular measurements. Pressure measurements at the inlet and outlet can 
only provide valid estimations of static ventricular pressures (i.e. if the rinsing inlet 
and outlet are closed simultaneously, and pressures are measured after a suitable 
interval to allow for equilibration of pressures). This is seldom clinically practicable, 
and it is especially impractical during occasions when high rinsing flows are required 
such as during brisk bleeding.   
 
Aim of the study 
There is thus a need for accurate dynamic ICP assessment. In order to investigate 
the significance of the dynamic pressure gradients across an endoscope we aimed to 
compare measured pressures at the rinsing inlet and outlet with those measured via 
a separate intra-ventricular catheter in a realistic head model using standard 
endoscopes and clinically relevant rinsing fluid flow rates. Additionally, we aimed to 
describe a trans-endoscopic method of pressure measurement at the distal end of 
the lumen of the endoscope, and to compare pressures measured at this site with 
pressures measured in the ventricle and at the rinsing inlet.  
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Methods 
 
Experimental setup 
A custom-made head model was used for the in-vitro measurements. The head was 
completely filled with 0.9% saline solution and sealed hermetically. A precoronal burr 
hole was made and closed with a rubber seal. A Caemaert endoscope (Richard Wolf, 
Knittlingen, Germany) was installed through the seal and fixated with a pneumatic 
holding device (Aesculap, Tuttlingen, Germany).  The inflow- and outflow channels of 
the endoscope have an internal diameter of 
1.67 mm and a length of 350 mm. A second 
burr hole was made and sealed with a rubber 
seal. A standard external ventricular drain with 
an internal diameter of 1.3 mm (Integra 
NeuroSciences, Plainsboro, NJ, USA) was 
positioned through the seal into the fluid-filled 
cavity. The rinsing system was installed in the 
standard manner for neuro-endoscopic 
procedures: 3-way stop cocks (Discofix®, B. 
Braun, Melsungen, Germany) were connected 
at the rinsing inlet and at the rinsing outlet for 
pressure measurement. Pressure transducers 
(PMSET 1DT-XX Becton Dickinson Critical 
Care Systems Pte Ltd, Singapore) were 
connected to the three-way stopcock and to 
the ventricular catheter via low compliance 
pressure tubing.   
 
All pressure transducers were flushed with saline, and zeroed at the level of the 
external acoustic meatus. 
The irrigation system was installed as in routine clinical practice: a pressurised flush 
bag of saline was connected to the valve at the inflow of the endoscope via an 
infusion set with standard flow regulator. The bag was placed under a constant 
pressure of 300mmHg using a Ranger Pressure Infusion Systems (Arizant Inc., MN, 
USA). An IV infusion set (Intrafix Primeline I.S., B.Braun, Melsungen, Germany) was 
used as outflow tube. The luer-lock was connected to the 3-way stopcock at the 
rinsing outlet of the endoscope, and the opposite end was positioned at the level of 
the burr hole. For precise determination of the flow rate during pressure 
measurements, the effluent was collected into an accurate measuring glass for 
exactly 60 seconds. 
 
All pressure transducers were connected to an S5 monitor (GE Health Care, Helsinki, 
Finland), which displayed the analogue pressure waveforms in real time, digitised the 
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signals at a sampling frequency of 100 Hz, and transmitted them to a PC for 
electronic storage using S5 collect® software (GE Health Care, Helsinki, Finland).  
Four separate experiments were performed. At the start of each experiment, the 
endoscope was introduced into the ventricular cavities, and a rinsing flow at “fast 
dripping speed” was initiated, as per routine clinical practice. After measurement of 
baseline pressures, the flow was increased in small steps, using the flow regulator, 
until a flow of 210 ml/min was reached. After each change in flow, an equilibration 
time was observed until a steady plateau pressure was reached. For each flow rate 
the plateau pressure was recorded. The rinsing fluid used was saline 0.9%. 
 
Measurement 1 
The ventricular pressures were measured (via the ventricular catheter) and compared 
with the pressures measured at the rinsing inlet and rinsing outlet.  
 
Measurement 2 
In a second step, the equipment set-up was modified to enable pressure measure at 
the distal end of the lumen of the endoscope. A connecting piece (Rotating Male Hub 
Tuohy Borst with Sideport nr 80346, Qosina, Edgewood, New York, USA) was 
attached to the endoscope, and a Codman Microsensor™ tip sensor (Johnson & 
Johnson Professional, Raynham, MA, USA) was introduced through the rinsing 
channel and advanced so that it was located 1mm proximal of the distal end of the 
endoscope. The tip sensor was also connected to the S5 monitor. The pressures it 
recorded were then compared with the pressure in the ventricle and at the rinsing 
outlet.  
 
Measurement 3 
The second protocol was repeated but instead of the Codman tip sensor, a Portex 
epidural catheter (Smiths Medical, NH, USA) was used. Before placement the distal 
2.5 cm of the catheter, containing side holes, was removed to provide a catheter an 
end hole. The catheter was then slid through the inflow-channel until the tip was 1mm 
proximal to the distal end of the endoscope.  
 
Measurement 4 
The first measurement protocol was repeated but with a short Caemaert endoscope 
which also has a rinsing channel diameter of 1.67 mm, but a shaft length of 240 mm 
(as opposed to 350 mm in the standard instrument). 
 
Data analysis 
In the subsequent analysis, for each flow, the steady-state pressures at the different 
measuring points were graphically represented. The relationship between flow and 
pressure were determined by linear regression. The difference between the pressure 
in the ventricle – which is considered the gold standard – and the other pressure 
measurement sites was calculated for each flow rate. 
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The Reynolds number was calculated for each flow rate to evaluate whether laminar 
flow was likely. For each flow rate, at which laminar flow was likely (up to 180 
ml/min), the measured pressure gradients were compared with pressure gradients 
predicted by the Hagen-Poiseuille equation : 
4
8
r
LQ
P


 .  This equation is used for 
calculating the theoretical pressure gradient over the endoscope assuming laminary 
flow. The pressure drop (ΔP) relates to the dynamic viscosity of water (), the length 
of the channel (L), the volumetric flow rate (Q) and the radius of the channel (r). 
Data were normally distributed and are presented as mean (SD). 
 
Results  
 
Figure 1 : the course of the pressure readings during heavy rinsing.  
 
 
 
Figure 1A depicts the evolution of the pressure, measured through the ventricle drain, 
during initiation of the rinsing process at a “fast dripping speed” of 85 ml/min. The 
pressure increases (α) from a baseline pressure of 8 mmHg to a peak pressure of 51 
mmHg (β), and equalizes at 18 mmHg after the siphoning effect (γ) of the outflow 
tube has taken place. 
Before the rinsing was started, a ventricular pressure of 8 mmHg was observed. At a 
flow of 85 ml/min, a peak pressure of 51 mmHg was reached, before the pressure 
stabilised at 18 mmHg. 
1A 
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Figure 1B shows that when the rinsing flow is suddenly increased from a stable 40 
ml/min to 185 ml/min, the ventricular pressure increases from 25 to 122 mmHg, while 
the pressure at the inlet increases from 42 to 223 mmHg and the pressure at the 
outlet increases from 9 to 53 mmHg. 
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The pressure measured at the different points in relation to the flow is represented in 
Figure 1C to 4. The pressure gradients between rinsing inlet, intraventricular, and 
rinsing outlet related to the flow is shown  in figure 1C. 
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At a flow of 42 ml/min the measured pressures are 38 mmHg, 26 mmHg and 12 
mmHg respectively. At a flow of 135 ml/min the pressure increases to 136 mmHg, 89 
mmHg and 42 mmHg respectively. 
Rinsing Inlet 
Ventricle Drain 
Rinsing Outlet 
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Figure 2 : the course of the pressure readings related to the flow using a 
transendoscopic ventricular tipsensor. 
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The short Caemaert Endoscope (Figure 3) shows a similar evolution of the pressure 
gradient between the rinsing inlet, intraventricular, and rinsing outlet. 
 
Figure 3 : the course of the pressure readings related to the flow using a 
transendoscopic catheter. 
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Figure 2 and 3 show that both the Codman tip sensor and the epidural catheter 
measurement have a maximal inaccuracy of -1 to 1 mmHg at any flow. 
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Figure 4 : the course of the pressure readings related to the flow in a short 
Caemaert endoscope. 
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At a flow of 24 ml/min the measured pressures are 20 mmHg, 14 mmHg and 7 
mmHg, respectively. At a flow of 148 ml/min, the pressures increase to 146 mmHg, 
99 mmHg, and 49 mmHg, respectively (Figure 4). 
The Reynolds number, calculated for the dimension of the endoscope is 663 at a flow 
of 50ml/min up to 2650 at a flow of 200ml/min. At a flow of 61ml/min, the measured 
pressure gradient between rinsing inlet, intraventricular, and rinsing outlet was 18 
mmHg and 19 mmHg respectively, while the theoretical pressure gradient, calculated 
by Poiseuille‟s equation is 17 mmHg. At a flow of 130 ml/min the measured pressure 
gradients are 31 mmHg and 31 mmHg; the calculated is 27 mmHg. At an extremely 
high flow of 210 ml/min the measured pressure gradients are 81 mmHg and 85 
mmHg, while the calculated gradient is 57 mmHg.   
 
Discussion  
 
Why develop a new monitoring strategy? 
During endoscopic neurosurgery, significant intracranial hypertension may occur 
during rinsing of the ventricular cavities. As this may cause severe complications, 
accurate monitoring of ICP is essential. To the best of our knowledge, the optimal 
location and method for monitoring ICP during endoscopic neurosurgery has not 
been determined.  Although considered the gold standard, pressure measurement 
via a ventricular catheter is generally unfeasible and difficult to justify. At the same 
time, measurements at the rinsing inlet and the rinsing outlet are unlikely to 
accurately reflect ventricular or intracranial pressure. We therefore constructed a 
head model, to assess the likely significance of these pressure gradients, and to 
assess the accuracy of a novel technique to measure pressures at the distal end of 
the endoscopic lumen.  
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The importance of an outflow tube and its correct location. 
The evolution of changes in the ventricle of our head model (figure 1A) after initiation 
of rinsing illustrates firstly the importance of using an outflow tube, and secondly the 
importance of correct positioning of the distal end of the outflow tube. After initiation 
of rinsing (flow 30 ml/min) in our model, only a transient period of intracranial 
hypertension was observed. The evolution of ventricular pressure changes during 
this period shows four phases (figure 1A). During the first phase, pressures rise as 
the endoscope and the tubings fill with rinsing fluid (Figure 1A, α), until reaching a 
peak of 51 mmHg (Figure 1A, β). After the onset of the siphoning effect of the outflow 
tube, the ventricular pressure declines (Figure 1A, γ), until the ventricular pressure 
settles at 18 mmHg, when the siphoning effect is balanced by the hydrostatic 
pressure in the outflow tube. If the distal end of the outflow tube is obstructed, absent 
or at an incorrect level, a continuously elevated ICP will be induced by the hydrostatic 
pressure in the outflow channel. The total ICP will be the sum of the hydrostatic 
pressure and the pressure build-up caused by impedance in the outflow channel. 
Conversely if the distal end of the outflow tube is located too low, the siphoning effect 
will cause a collapse of the ventricles. 
 
Pressure differences at separate locations. 
Increasing the rinsing flow results in a considerable increase in the pressure at all 
measuring points. In measurement 1, there were significant differences in pressure 
readings at the different locations. Monitoring at the rinsing inlet overestimated the 
ventricular pressure by 12 mmHg at 42 ml/min, and by 81 mmHg at 210 ml/min. On 
the other hand, monitoring at the rinsing outlet underestimated the ventricular 
pressure by 14 mmHg at 42 ml/min and by 85 mmHg at 210 ml/min. Similar 
differences were found with the short endoscope - an overestimation of ~41 mmHg 
and an underestimation of ~42 mmHg at the inlet and outlet ports at flow rates of 128 
ml/min.  This pressure difference is caused by the dynamic resistance in the rinsing 
channel, and correlates well with the pressure gradients predicted by the Hagen-
Poiseuille law (difference of 1-2 mmHg at 61 ml/min increasing to 7-8 mmHg at 130 
ml/min).  
 
Transendoscopic capillary pressure measurement 
Transendoscopic monitoring of the pressure at the distal tip of the endoscope using 
an electronic Codman tip sensor provided a very accurate assessment of the 
ventricular pressure (and thus of the ICP). Of course, the application of an extra 
monitoring device and the use of a disposable electronic tip sensor will introduce 
some practical and financial considerations. In order to find a cheaper and more 
practical method of transendoscopic pressure monitoring, we replaced the tip sensor 
with a fluid-filled epidural anaesthesia catheter connected to a standard pressure 
transducer outside of the head. The tip of the catheter was placed at the same 
location as the tip sensor (1 mm proximal to the distal end of the endoscope). When 
intact epidural catheters are used, a systematic overestimation of the ventricular 
pressure occurs, because they have lateral side holes 7, 11 and 15 mm from the 
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distal end, and thus the measured pressure reflects the pressure 15 mm proximal to 
the distal end of the endoscope. In the current study measurements were thus 
performed with a modified catheter containing only an end hole, and with this 
catheter the transendoscopic pressure measurements compared highly favourably 
with ventricular pressure measurements (maximal error of ± 1 mmHg).  
 
Resistance to rinsing flow caused by the catheter. 
The epidural catheter in the rinsing inlet channel reduces the maximum rinsing 
capacity from 184ml/min to 110ml/min (pressure at infusion bag 300mmHg). It is to 
be determined whether this influences the control of a severe haemorrhage. However 
a new device with better hydrodynamic properties, a smaller outer diameter capillary 
and a more kink resistant material has been developed meanwhile. Its max rinsing 
capacity being 167 ml/min.  
 
Compliance of the experimental model 
Because the induced intracranial hypertension only becomes clinically relevant at 
faster rinsing flow rates - above 50ml/min – and the rinsing flow is relatively stable, 
the compliance of the intracranial system is of minimal influence on the observed 
pressure values. Based on the Monro-Kellie hypothesis14 – that with an intact skull, 
the sum of the volumes of the brain, the CSF and the intracranial blood is constant – 
the capacity for expansion of the intraventricular volume during fast rinsing flow rates 
is limited to the intracranial blood volume. During gradual flow rate increases, the 
induced blood volume displacement caused by changes in rinsing pressure is 
minimal compared to rinsing volumes. This is confirmed by our observation that after 
adjustment of the rinsing speed, the pressure-waveform stabilizes almost 
immediately. Nevertheless, when the pressure is increased rapidly and severely 
(Figure 1B), it takes several seconds before stable pressure readings are observed. 
 
Limitations of the study.  
Our study has several limitations. The findings are by nature specific to the materials 
and equipment used. All conclusions are based on a set up with enforced rinsing with 
pressure infusion bags, whereas this practise is not universally used. Secondly, the 
rinsing channel of the endoscope we used has a small internal diameter. Pressure 
gradients will be lower with endoscopes with larger channels, while endoscopes with 
narrower rinsing channels will show even greater pressure gradients. An example of 
the latter is the MINOP Ventriculoscope (Aesculap, Tuttlingen, Germany) in which the 
diameter of the rinsing channels is 1.4 mm. Thirdly, in this experimental set-up there 
was no tissue debris, which is common in clinical practise, and which will increase 
further the gradient between ventricular and outlet pressures. If debris completely 
obstructs outflow then of course the outflow measurement has no correlation with 
ventricular pressure and will severely underestimate it. Finally, outflow of rinsing fluid 
around the endoscope through the burr hole and escape via the working channel 
were not allowed in this study. Both sources of fluid loss do occur in the clinical 
situation, and as with the issue of tissue debris, these will cause even greater 
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pressure gradients between the ventricles and the rinsing outlet, than was found in 
our study.  
 
Conclusion 
 
The findings of this laboratory-based assessment suggest that clinically significant 
pressure gradients across the endoscope are generated during rinsing. These 
gradients are generated by dynamic resistances in the rinsing channels (Poiseuille 
law). Measurement at the rinsing inlet gives a severe overestimation of the true ICP 
(up to 50 mmHg), and if clinicians were to respond to these pressures, this would 
unnecessarily impede the rinsing efforts of the surgeon. Measurement at the outflow 
point gives a systematic severe underestimation of the true ICP (up to 50 mmHg), 
which would delay crucial intervention. Transendoscopic measurement of the 
pressure at the distal end of the endoscope accurately reflects the static ventricular 
pressure. There was no significant difference in the pressure measured at the tip of 
the endoscope using a Codman tip sensor and an epidural catheter.  
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Abstract 
 
Background : Arterial tonometry is a non-invasive technique for continuous 
registration of arterial pressure waveforms. This study aims to assess tonometric 
blood pressure recording (TBP) as an alternative for invasive long-term bedside 
monitoring.  
 
Methods : A prospective study was set up where patients undergoing neurosurgical 
intervention were subjected to both invasive (IBP) and non-invasive (TBP) blood 
pressure monitoring during the entire procedure. A single-element tonometric 
pressure transducer was used to better investigate different inherent error sources of 
TBP measurement.  
 
Results : A total of 5.7 hours of combined IBP and TBP were recorded from three 
patients. Although TBP performed fairly well as an alternative for IBP in steady state 
scenarios and some short-term variations, it could not detect relevant long-term 
pressure variations at all times.  
 
Discussion : We discuss our findings compared to existing work and elaborate on 
why physiological alterations at the site of TBP measurement might be an important 
source of artifacts. We conclude that at this point arterial tonometry remains a too 
unreliable technique for long-term use during a delicate operative procedure and that 
physiological changes at the TBP measurement site deserve further investigation. 
Manufactures of medical instrumentation should consider tonometry technology for 
long-term monitoring but the associated issues as presented in this work need to be 
resolved first.  
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Introduction 
 
In previous work we reviewed the development and theoretical modelling of arterial 
applanation tonometry, a technique used for non-invasive and continuous 
measurement of blood pressure waveforms11. The tonometer is of particular use in 
clinical research studies concerning vessel wall compliance or arterial wave traveling. 
It allows for a ‘quick and easy’ recording over a few cardiac cycles of pressure 
waveforms at superficial arteries and such data facilitates the calculation of 
haemodynamical parameters that help characterize global vessel wall properties1,2,16.  
 
It is remarkable that the tonometer has not been able to spread into daily diagnostic 
practice even though it is a simple, non-invasive device that allows for continuous 
blood pressure monitoring. Two areas immediately spring to mind where potential for 
a simple probe-based pressure measurement technique such as applanation 
tonometry might exist : (1) ambulatory pressure monitoring and (2) clinical bedside 
pressure monitoring.  
 
Tonometry as an ambulatory blood pressure monitoring device could enhance the 
information of existing home ambulatory blood pressure recorders by adding beat-to-
beat waveform information to the conventional single number output for systolic, 
diastolic and mean arterial pressure (SBP, DBP, MAP). But as commercial 
tonometric devices are all quite motion-sensitive, ambulatory monitoring might be a 
too challenging environment for now. However, in bedside monitoring during surgical 
procedures, the patient is supine and there is no direct need for ambulatory 
equipment. A vast amount of arterial line (A line) recording is performed as the 
arterial cannulation technique remains the accepted standard for long-term blood 
pressure monitoring in anaesthesia and critical care. Most commonly, radial artery 
pressure is registered because it is easy to perform and rarely associated with 
complications10, 14, but despite the qualities of this technique, it remains an invasive 
technique with a substantial load for the patient.  
 
The potential of long-term non-invasive monitoring with arterial applanation tonometry 
has not yet been fully explored. The ability to continuously and non-invasively monitor 
blood pressure in the operating room may be advantageous in a number of 
situations8,9, for example during induction or during surgical procedures where beat-
to-beat measurements are essential but no blood samples are needed. Its indications 
could be expanded to any procedure where up to now only intermittent cuff 
monitoring is used.  
 
The purpose was therefore to acquire combined invasive blood pressure (IBP) and 
non-invasive tonometric blood pressure (TBP) recordings during major neurosurgical 
operation. Using a single-element tonometric pressure transducer, we were able to 
capture unprocessed waveform data which allowed to investigate the effect of 
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different error-introducing aspects such as transducer fixation, positioning, calibration 
and recalibration which are difficult to assess with fully automated devices where 
positioning and a best signal is automatically chosen among the output of multiple 
transducer elements by means of an integrated software algorithm. Identifying and 
understanding the individual sources of error is imperative for developing liable 
pressure monitoring. As calibration of tonometric probes is most commonly 
performed with conventional sphygmomanometry and frequent recalibration is an 
important issue, the influence of cuff inflation proximal to the tonometric probe is also 
examined.  
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Methods 
 
Set-up and measurement protocol 
Data were measured in three patients, consecutively scheduled for major 
neurosurgical intervention. Written informed consent and institutional approval were 
obtained. Exclusion criteria were subclavian stenosis and pre-existing radial artery 
cannulation. Routine continuous monitoring in the operating room included 
electrocardiography, pulse oxymetry, capnography, blood pressure recording and 
rectal temperature assessment. All patients remained in supine position. Patients 
were kept normothermic by a forced-air warming system. 
  
General anaesthesia was induced by intravenous propofol 2 mg.kg-1. Cis-atracurium 
0.1  mg.kg-1 was used for muscle relaxation. General anaesthesia was maintained by 
continuous infusion of propofol 6 mg.kg-1.h-1, remifentanil 0.1 g.kg-1.min-1 and cis-
atracurium 0,15 mg.kg-1.h-1. Patients were intubated orally and ventilated 
mechanically to achieve end-tidal CO2 and oxygen saturation within normal limits. 
After anaesthesia induction, a 20-gauge 8cm PE catheter (Laeder Cath, Laboratoires 
pharmaceutiques, Ecouen, France) was inserted percutaneously into the left radial 
artery, 1 cm proximal to the wrist. The catheter was connected via a 150 cm long (1.5 
mm internal diameter) rigid pressure tubing, filled with saline to a continuous flush 
pressure-transducer system (PMSET 1DT-XX Becton Dickinson Critical Care 
Systems Pte Ltd, Singapore). The system was calibrated against atmospheric 
pressure. The mid-axillary line was used as the zero-reference point.  
  
At the contralateral arm, a single-element tonometric pressure transducer (model 
SSD-936, Millar Instruments, Houston, TX, USA) was placed over the right radial 
artery, about 1 cm proximal to the wrist.  
 
Figure 1 : Application Fixation of the tonometer. 
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Correct positioning was determined by palpation and waveform evaluation on the 
anaesthesia monitor. After locating the appropriate position, the transducer was 
immobilized by means of a Tegaderm patch (3M Health Care, Borken, Germany). 
Hold-down pressure was then adjusted by means of a custom made bracelet with 
screw until optimal waveforms with maximal amplitude were obtained. During the rest 
of the procedure, these settings remained unchanged. 
 
All monitoring equipment was connected to an S5 monitor (Datex-Ohmeda, Helsinki, 
Finland). Because the Datex S5 monitoring system has no standard connection for 
tonometric probes, a custom connection was made for this study. Collecting all data 
via only one integrated monitoring and computing system has significant advantages 
(easy synchronisation of multiple signals, maximal patient-safety with minimal use of 
equipment). All data from the monitor were sampled via the Collect® Software (Datex-
Ohmeda, Helsinki, Finland) package for subsequent off-line analysis. IBP and TBP 
waveforms were sampled at 100Hz. The total acquisition time for the first patient was 
63 min, for the second patient 170 min and for the third patient 110 min. 
 
Analysis 
It is not an aim of this study to assess a particular tonometric device. Instead the 
focus lies on assessing general suitability of the tonometric technique for long-term 
monitoring. As such, the analysis is tailored towards answering the question: what 
can we observe clinically with the tonometric technique using the set-up described 
higher and how do trends in pressure changes compare to what is observed with the 
invasive standard. For it is pressure change trend behaviour that will trigger an action 
from the clinical observer in the operating room in the first place. Accurate trend 
agreement with IBP is therefore a minimal condition to be met by TBP.  
 
Evaluation of normalized pressure waveforms 
We investigated the trend behaviour of TBP and IBP recordings per acquisition 
window of 10,000 samples, avoiding the confounding influence of TBP calibration 
errors by normalizing both IBP and TBP signals to their respective first complete 
heart cycle in the acquisition window. The size of the acquisition window (10,000 
samples) was based on the need for a workable time-interval (100s) that is small 
enough to be assessed adequately in one observation but still large enough to 
capture relevant pressure trends surrounding an event such as e.g. an external cuff 
inflation. Subsequently we differentiated the trends identified into four possible 
categories as distinguished by an experienced observer. These four categories are 
shown illustratively in Figure 2 (only a 20s time interval of a complete acquisition 
window of 100s is shown). The two vital cases are agreement (case A) or 
disagreement (case B) of the trends in the IBP and TBP signal: IBP and TBP can 
change in the same direction (case A-AGR); IBP and TBP can deviate in an opposite 
direction, or one signal deviates while the other stays in steady state (case B-
DISAGR).  
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Two further cases were identified: both signals can be in steady state (case C-SS), 
and finally, poor TBP signal quality, no assessment of a trend possible (case D-
ERR).  
 
Figure 2 : Four categories of trend behaviour of the tonometric signal. 
 
A-AGR 
-2 
-1 
0 
1 
2 
pressure (normalized) 
IBP TBP 
 
 
B-DISAGR 
-2 
-1 
0 
1 
2 
pressure (normalized) 
IBP TBP 
 
 
C-SS 
-2 
-1 
0 
1 
2 
pressure (normalized) 
IBP TBP 
 
 
D-ERR 
-2 
-1 
0 
1 
2 
pressure (normalized) 
IBP TBP 
 
 
Evaluation of calibration effects  
It is common practice to calibrate the tonometer with diastolic and mean pressure 
values from an oscillometric cuff11. However, it has been shown that an oscillometric 
recording can have a substantial error margin compared to direct invasive 
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recordings5,7,13. Since in this study an invasive recording was performed concurrently 
with a tonometric recording, we decided to investigate the potential of applanation 
tonometry in the hypothetical case of having perfect calibration values available (as 
taken from IBP). This approach has also been applied in other work on tonometry4.  
 
However, in order to investigate the effect of external interference such as an inflating 
and deflating cuff on the recorded signal, we did apply an oscillometric brachial cuff 
at the same arm as the tonometric pressure transducer during several (randomly 
chosen) time intervals, recording systolic and diastolic blood pressure values every 3 
or 5 min. 
 
We also investigated the reliability of a calibration over time. In order to do this, we 
processed the acquisition windows in pairs, with a first and subsequent window. Note 
that the calibration analysis thus spans a double time interval (2 x 10,000 samples, or 
200s for 100Hz) as compared to the trend analysis of the normalized signals. A set of 
waveforms with no obvious artifacts over a few heart cycles was chosen and 
averaged by the observer at the beginning of the first of each acquisition window 
pair. Calibration offset and gain values were assessed for this averaged TBP 
waveform using diastolic blood pressure (DBP) and mean blood pressure (MAP) 
values from the corresponding averaged IBP waveform. These calibration 
parameters were then applied on the whole acquisition window pair. Near the end of 
the second window, a second set of waveforms was chosen and averaged. For this 
second averaged waveform, the ratios between DBP, systolic blood pressure (SBP) 
and pulse pressure (PP) values of TBP and IBP were assessed, as well as the root 
mean square error (RMS) of their respective differences.  
 
Results 
 
We obtained a total of 2,058,000 paired data points over a period of 343 minutes in 3 
patients. Table 1 shows the evaluation of normalized TBP compared to normalized 
IBP by organizing the observed trend behaviour into four different categories as 
described higher (A-agree; B-Disagree; C-Steady state; D-Erroneous).  
 
Table 1 : Qualitative evaluation of trends in TBP compared to IBP. 
 Acquisition 
Windows 
 
% of Total 
 
% of Subtotal 
Total (A+B+C+D) 282 100 - 
Subtotal (A+B) 41 15 100 
Case A-Agree 23 8 56 
Case B-Disagree 18 7 44 
Case C-Steady State 229 81 - 
Case D-Erroneous   12 4 - 
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From the total number (282) of acquisition windows investigated (A+B+C+D), only 
4% showed poor signal quality of TBP. Further, 81% of all recordings were steady 
state scenarios and in this case TBP and IBP always had a very good 
correspondence. Since cases with signal variations are better markers than steady 
state cases on how the TBP and IBP agree, we focused on the subtotal (the 
remaining 15%) of cases in agreement or disagreement alone. For those two cases 
(A+B), the percentages are almost equally divided between A and B. Thus, in relation 
to the subtotal of windows in which pressure variations occurred, the TBP agreed 
with IBP only in 56%.    
 
Figure 3 : Illutstration of the evolution of TBP readings related to  IBP readings. 
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Investigating pressure variations in further detail, it appeared in all the subjects that 
small variations (e.g. caused by patient ventilation) were adequately followed by TBP 
(Figure 3A). Very fast changes such as an extra-systolic event are also adequately 
captured (Figure 3B & C). However, the more the pressure change is longer in time 
or higher in amplitude, the more TBP monitoring tends to stay invariant to these 
pressure changes (Figure 3D). 
 
Next, calibration of TBP was performed. Note that the acquisition windows 
categorized higher are now analysed in pairs as explained in the methods section. 
From a total of 141 pairs, 2 had a too poor signal quality to be included in the results. 
An analysis of differences between TBP and IBP (calibration precision) was 
performed on the remaining 139 acquisition window pairs (with each window 
consisting of 10,000 data points). Overall agreement (point-by-point) between TBP 
and IBP yielded an average RMS value of 31.3  12.1 mmHg among the three 
patients, while the RMS for SBP, DBP and PP values resulted in 18.3  9.3 mmHg, 
12.1  4.4 mmHg and 11.0  5.6 mmHg respectively. Considering the data of all 
patients together, we found an RMS of 34.3 mmHg for overall agreement and an 
RMS of 20.8 mmHg for SBP, 13.2 mmHg for DBP and 12.2 mmHg for PP.     
 
Further, the ratios of SBP, DBP and PP between TBP and IBP are represented in 
Table 2 and Figure 4.  
 
Table 2 shows the number of acquisition window pairs for which Systolic Blood 
Pressure (SBP), Diastolic Blood Pressure (DBP) and Pulse Pressure (PP) from 
calibrated Tonometric Blood Pressure (TBP) lie within the 5% and 10% discrepancy 
intervals of the respective SBP, DBP and PP from Invasive Blood Pressure (IBP), 
and this for all patients together. 
 
Table 2 : correspondence between TBP andn IBP. 
Total = 139 
Acquisition 
Window Pairs 
 
TBP < IBP  5% 
 
 
TBP < IBP  10% 
 # Pairs % of Total # Pairs % of Total 
SBP 54 40 88 63 
DBP 43 31 77 55 
PP 45 32 74 53 
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Figure 4 shows the number of pairs of acquisition windows (# pairs AWin) vs. ratio 
(%) of Systolic Blood Pressure, Diastolic Blood Pressure and Pulse Pressure values 
from Invasive Blood Pressure  (I-SBP; I-DBP; I-PP) and the respective values from 
calibrated Tonometric Blood Pressure (T-SBP; T-DBP; T-PP) for all patients together. 
Note that the # pairs AWin in e.g. a 5% discrepancy interval (as mentioned in Table 
2) are found on these plots by adding the bars in both the 95-100% (minus 5%) and 
100-105% (plus 5%) interval. 
 
Figure 4 : Distribution of the disagreement between TBP and IBP measurement. 
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A value of 110% means that the IBP value is 10% higher than the TBP value. From 
these data it is clear that when looking at the three patients together, 38.8% of SBP 
values, 30.9% of DBP values and 32.4% of PP values from calibrated TBP are within 
5% of IBP. Also, 63.3% of SBP, 55.4% of DBP and 53.2% of PP values lie within 
the 10% discrepancy interval. Given the fairly equal distributions in Figure 4 around 
100%, there is no evidence of a consistent over- or underestimating (calibration bias) 
by TBP recordings. However, considering only the very large deviations (more than 
25%), we did note more cases of underestimation (IBP/TBP > 125%) than 
overestimation (IBP/TBP < 75%) by TBP, and this for SBP as well as for DBP and 
PP.    
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Discussion 
 
In summary, TBP was recorded with IBP for 5.7 hours during neurosurgery. Thus, 
despite the small number of patients that did not allow for an inter-subject variability 
study, we did obtain a large set of waveform data for overall comparison of IBP and 
TBP. Our findings showed that calibrated TBP mirrored IBP adequately in all steady 
state conditions and that minute variations of blood pressure e.g. caused by patient 
ventilation or very short variations such as an extra-systolic wave were well detected. 
However, these kind of variations are usually of no clinical relevance unless in 
specific studies. For pressure variations longer in time and with high amplitude, there 
was a rather high degree of unpredictability. In nearly half of the investigated 
acquisition windows TBP either deviated in the opposite way or was only adequately 
following IBP in the first seconds after a pressure change to then untruly return to its 
initial regime suggesting a steady state, while IBP continued to vary.  
 
Our set-up consisted of a single-element tonometric transducer set-up, without 
automated feedback and control for position and hold-down pressure, deprived of 
advanced signal conditioning and using ideal calibration values as taken from IBP. 
As such stripped from possible confounding factors, our findings still indicated 
inaccurate trend behaviour, suggesting that the technique of TBP monitoring is for 
now unreliable or not enough understood at best to replace IBP monitoring in a 
clinical setting. This mere statement alone is not an entirely new result, and two other 
studies with related findings are addressed below. In analogy with our theoretical 
review11, we aimed however with this practical work to add on the existing knowledge 
by not merely dismissing the technique as unsuitable but rather to assess how 
tonometry has evolved (or not) since past efforts, and to add (physiological) insights 
into its associated problems which have not been clearly investigated before.  
 
A decade ago Weiss and colleagues concluded from short-term recordings using an 
automated multi-element array transducer (SA-250, Colin, Komaki, Japan) that 
tonometry was not suitable to replace invasive monitoring during major surgical 
procedures17. However, we demonstrated here with a simple (more controllable) set-
up of a single-element transducer and a custom fixation mechanism, that short-term 
variations can be detected reasonably well. First, this discrepancy may well be 
attributed to the evolution in transducer sensitivity over the years. Second, tonometer 
positioning, signal calibration and signal display in automated devices are assessed 
not by the operator but by an integrated software algorithm choosing a best output 
signal among multiple elements of the transducer in the tonometric device. This is a 
limitation when looking into causes of signal artifacts and variations, hence why in 
this study we chose a single-element tonometric pressure transducer, put in place by 
the operator with precision so that unprocessed data could be displayed and 
recorded from a well-known location to facilitate the later analysis of signals and 
artifacts.  
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More recent work of Steiner and colleagues in a neuro-intensive care setting also 
used a fully automated tonometry device (CBM-7000, Colin Medical, San Antonio, 
TX, USA) and did perform long-term recordings (60 min)15. It was concluded that the 
tonometric device was not accurate enough for replacing invasive blood pressure 
(IBP) monitoring because of the significant number of inaccurate measurements and 
a downward signal drift. Although the quantitative analysis for comparing TBP with 
IBP was commendable, the underlying causes of the inaccuracies and drift were not 
further examined. 
 
Apart from movement artifacts, positioning and fixation of which the influence on 
signal quality was described in earlier work6,11, the problems are mainly caused by 
the dependence of the tonometer from an external calibration device, usually a 
brachial cuff-measurement based on oscillometry, of which the intrinsic restrictions 
have their repercussions on the tonometric signal accuracy3. The drift noticed by 
Steiner and colleagues in the time following recalibration may well be the result of 
physiological changes in the limb distal to the inflated cuff.  
 
To demonstrate this hypothesis, we applied a varying external force on the arm by 
means of a brachial cuff and thus artificially induced a clear and reproducible blood 
pressure change. We looked at the pattern of the uncalibrated TBP during inflation 
and release of the cuff, as would occur when the calibration cuff would be positioned 
at the same arm as the tonometer. By capturing the unprocessed pressure 
waveforms with the single-element tonometric pressure transducer, we were able to 
elaborate on the physiological changes induced by cuff inflation. 
 
When taking a close look at TBP waveforms during cuff inflation, different events can 
be distinguished that are observed repeatedly and systematically after every cuff 
inflation. 
 
Figure 5 : Pattern of the TBP reading during cuff inflation and deflation. 
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We speculate that the induced physiological phenomenon can be explained as 
follows: after the initial cuff inflation, venous pressure starts to increase, while arterial 
pressure distal to the cuff doesn’t change appreciably. One can observe that MAP of 
TBP increases significantly, while PP diminishes only modestly. This could be 
explained by venous stasis causing the rigid hold-down bracelet to tighten slightly, 
which in turn delivers a significant increase of hold-down force onto the small 
pressure transducer element so that it demonstrates an increased pressure.  
 
Once the cuff is inflated to maximum level, one can see that PP of TBP drops to zero, 
while MAP of TBP stagnates. This is logical since total occlusion of the artery and 
veins implicates that no blood can flow in or out. After this, the cuff is deflated slowly 
in order to detect SBP and DBP by means of oscillometry. Once the cuff is deflated 
below the SBP, one can see MAP and PP of the TBP signal rising quickly to a new 
plateau. This plateau might correspond to maximal venous stasis when venous 
pressure approximates arterial pressure. Possibly, since the cuff inflation caused an 
ischaemic stimulus to the smooth muscle cells in the distal arterial vessel walls, the 
vessels may dilate and increase the force onto the tonometric pressure transducer. 
At this point, the cuff pressure is between SBP and DBP. Once the cuff pressure is 
further released and drops below the venous pressure, the TBP returns towards its 
normal values remarkably fast, which suggests indeed a predominantly intravascular 
cause of the artifact. Note that although almost completely restored to the normal 
values at this point, it actually takes another minute of slow but steady recovery to 
really get to the initial baseline (not shown). It is unclear whether the latter would 
mean that extravascular physiological disturbances play a secondary role, but it is in 
any case obvious that a signal disturbance has a prolonged effect that is not 
negligible compared to the conventional time span for recalibration (around 3-5 
minutes for hand-held as well as automated devices).  
 
Conclusion 
 
A practical study was presented in a challenging clinical setting in which we 
evaluated the proof of concept of long-term radial artery pressure waveform 
monitoring via non-invasive applanation tonometry, and this as an alternative for 
invasive blood pressure measurement via radial artery cannulation. We analysed 
long-term recordings in three patients undergoing neurosurgery. Differently from 
other work, we used a single-element tonometric pressure transducer to control and 
investigate the different error-introducing aspects and we also elaborated on the 
possible underlying physiological influences in the lower limb during tonometric 
recording and oscillometric cuff calibration.    
 
We conclude that, in this patient study and the tested setting, the tonometric pressure 
transducer was not able to detect the relevant pressure changes at all times and a 
rather high degree of unpredictability was present. As such, we believe that arterial 
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tonometry still remains an essentially unreliable technique for use during a delicate 
operative procedure. As we discussed, physiological alterations at the site of 
tonometric measurement can be an important source of artifacts and further study of 
the source of these artifacts is essential for reliable long-term non-invasive 
assessment of blood pressure via applanation tonometry.  
 
Tonometry technology represents only a small niche with respect to the blood 
pressure-monitoring field. Globalisation has forced some devices of the market and 
new initiatives face difficulties in taking off beyond the prototype stage12. 
Incorporation in cardiovascular profiling systems (e.g. the Sphygmocor® Technology 
from Atcor Medical or the CVProfilor® from Hypertension Diagnostics) is the norm. 
Bedside and ambulatory pressure monitoring can present new opportunities for 
manufacturers of tonometric devices, provided they tackle the persistent issues 
associated with long-term recording as highlighted in this work.   
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Abstract 
 
Background : The steep (40 degree) Trendelenburg position optimizes surgical 
exposure during robotic prostatectomy. The goal of the current study was to 
investigate the combined effect of this position and CO2 pneumoperitoneum on 
cardiovascular, cerebrovascular and respiratory homeostasis during these 
procedures. 
 
Methods : Physiologic data were recorded during the whole operative procedure in 
31 consecutive patients who underwent robotic endoscopic radical prostatectomy 
under general anaesthesia. Monitoring included HR, MAP, CVP, SpO2, Pe’CO2, PPlat, 
tidal volume, compliance and minute ventilation. Arterial blood samples were taken to 
determine the Arterial-to-End-Tidal CO2 Gradient. Continuous regional cerebral 
tissue oxygen saturation (SctO2) was determined by near-infrared spectroscopy. 
 
Results : While patients were in the Trendelenburg position, all investigated 
parameters remained within a clinically acceptable range. The Cerebral Perfusion 
Pressure decreased from 77 mmHg at baseline to 71 mmHg (p=0.07), and SctO2 
increased from 70 % to 73 % (p<0.001).  The Pe’CO2 increased from 4.12 kPa to 
4.79 kPa (p<0.001) and the arterial-to-Pe’CO2 tension difference increased from 1.06 
kPa in the normal position to a maximum of 1.41 kPa (p<0.001) after two hours in the 
Trendelenburg position. 
  
Conclusion : The combination of prolonged steep Trendelenburg position and CO2-
pneumoperitoneum was well tolerated by the patients. Haemodynamic and 
pulmonary parameters remained within safe limits. Regional cerebral oxygenation 
was well preserved and the cerebral perfusion pressure remained within the limits 
between which cerebral blood flow is usually considered to be maintained by cerebral 
autoregulation. 
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Introduction 
 
A new surgical need 
The use of robotic endoscopic radical prostatectomy has the potential to improve the 
surgical outcome and to reduce complications compared to open radical 
prostatectomy.1,2 To facilitate this surgery, the patient must be placed in a steep (40°) 
Trendelenburg position for several hours, and this, combined with the CO2 
pneumoperitoneum, is likely to cause significant, potentially adverse, cardiovascular 
and neurophysiologic changes.  
 
A new clinical challenge  
The combination of steep Trendelenburg positioning and pneumoperitoneum during 
robotic prostatectomy is known to induce intracranial hypertension3. Additionally, 
previous studies have reported that it causes a significant reduction of cerebral tissue 
oxygen saturation (SctO2) in elderly patients
4 and in patients with pre-existing raised 
intracranial pressure (ICP)5. Patients presenting for robotic surgery are usually 
elderly, and are thus patients in whom the procedure may upset the critical balance 
between cerebral oxygen supply and demand6. In circumstances such as these, 
near-infrared spectroscopy (NIRS) can be used to assess regional cerebral tissue 
oxygen saturation (SctO2), which gives an indication of the regional balance between 
cerebral oxygen supply and demand. Previous work,  using a first-generation NIRS-
device6, demonstrated a slight relative increase in SctO2. 
 
Since PaCO2 is an important determinant of cerebral blood flow, maintenance of 
normocarbia is essential for the preservation of cerebrovascular homeostasis. When 
pulmonary parameters are relatively stable, the end-tidal CO2 tension (Pe’CO2) gives 
an acceptable estimate of the PaCO2  - the arterial-to-end-tidal CO2 tension gradient 
is ~0.67 (0-1.33) kPa and does not correlate with PaCO2
7. The combination of steep 
Trendelenburg positioning and pneumoperitoneum influences pulmonary physiology 
in several ways. Maintenance of normocarbia usually requires adjustments in 
ventilator settings, and it is uncertain if the Pe’CO2 is a clinically acceptable estimate 
of arterial PCO2 pressure upon which to judge the adequacy of the ventilator settings. 
 
In patients in the supine position the cerebral perfusion pressure (CPP) is determined 
as the difference between the mean arterial pressure (MAP) and the greater of the 
central venous pressure (CVP) and intracranial pressure (ICP)8. Therefore, in the 
context of the steep Trendelenburg position, where CVP is likely to be equivalent to, 
or greater than the ICP, it is appropriate to estimate the CPP from the MAP and 
CVP8. The aim of this study was to investigate the influence of the combination of 
steep Trendelenburg position and pneumoperitoneum during robotic prostatectomy 
on cerebrovascular, respiratory and haemodynamic homeostasis. Additionally, we 
sought to determine the value of Pe’CO2 readings as an estimate of arterial PaCO2 in 
this setting. 
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Methods 
 
Patients 
After Institutional Ethics’ Committee approval (Ethics’ Committee, OLV Clinic, Aalst, 
Belgium) and written informed consent was obtained, 31 consecutive patients who 
underwent robotic endoscopic prostatectomy in steep Trendelenburg position were 
included. No premedication was administered.  
 
Procedure and data recording 
Upon arrival in the operating theatre, standard monitoring was applied: ECG, pulse 
oximetry and non-invasive automated arterial blood pressure. After anaesthesia was 
induced with propofol (1–2 mg kg-1) and sufentanil (0.25 g kg-1), rocuronium (0.6 mg 
kg-1) was administered and the trachea intubated. Anaesthesia was maintained with 
1 MAC of sevoflurane. Additional boluses of sufentanil and rocuronium were 
administered as required at the discretion of the clinician. The lungs were ventilated 
in volume control mode with an O2/air mixture (FiO2 40%) and a PEEP of 5 cm H2O. 
The tidal volume was adjusted to achieve a Pe’CO2 between 4.0 and 4.7 kPa. The 
heart rate was monitored continuously via the ECG. 
 
After induction, a 20-gauge arterial catheter (Arterial Cannula, REF 682245, Becton 
Dickinson, Swindon, UK) was inserted percutaneously into a radial artery. The 
catheter was connected via a 150-cm long (1.5 mm internal diameter) rigid pressure 
tubing, filled with saline, to a continuous-flush pressure-transducer system (Becton 
Dickinson Critical Care Systems, Singapore) to monitor beat-to-beat blood pressure 
and for arterial blood sampling. The right internal jugular vein was cannulated with a 
two-lumen central venous catheter (Arrow International Inc., Reading, PA) for 
monitoring of central venous pressure. The external acoustic meatus was used as 
the zero reference point for both pressure transducers, to allow a precise 
determination of the cerebral perfusion pressure, independent of patient positioning. 
Both systems were calibrated against atmospheric pressure and both pressure 
transducers were connected to an S5-monitor (Datex-Ohmeda, Helsinki, Finland). 
 
Cerebral oximetry sensors (FORE-SIGHT Adult Dual sensor kit – 01-06-0018, CAS 
Medical Systems Inc, Branford, Connecticut, USA) were placed bilaterally according 
to the manufacturer’s instructions. The rSO2 value was continuously recorded at 0.5 
Hz using the NIRS FORE-SIGHT monitor (CAS Medical Systems Inc, Branford, 
Connecticut, USA).  
 
Normothermia was maintained with a forced-air warming system. Once stable 
profiles of capnography and blood pressure were reached, ventilatory and drug 
delivery settings were left  unchanged. All vital signs were monitored using an S5-
monitor and data from the monitor were recorded via Collect Software (Datex-
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Ohmeda, Helsinki, Finland) for subsequent offline analysis. All variables were 
recorded numerically at 0.2 Hz.  
A custom-made foam pillow (60x30x15cm) was placed under the head, firmly 
positioned behind the shoulders, and immobilized using standard shoulder supports. 
The patient’s legs were placed in urologic leg-holders (MAQUET GmbH & Co. KG, 
Rastatt, Germany) and the thighs abducted sufficiently to accommodate the robotic 
system. 
 
Subsequently, the abdominal cavity was insufflated with CO2 to a pressure of 10 
mmHg, and the patient was placed in mild Trendelenburg position after which the 
trocars were located at the classical points.9 Finally, the patients were slowly placed 
in steep Trendelenburg position (40o from horizontal, the maximal angle the surgical 
table allows for). The start time of the maximal Trendelenburg position was defined 
as T. All operations were performed on the same table with the same degree of 
Trendelenburg.  
 
The surgeon performed the procedure with the da Vinci Robot Surgical System 
(Intuitive Surgical, Sunnyvale, CA). A transperitoneal approach was used for 
performing the operation. The intraperitoneal pressure was adjusted by the surgeon 
as needed. At the end of the procedure, the position of the table was normalized and 
the pneumoperitoneum was released. The surgical wounds were closed and the 
patient was awakened either in the operating room/theatre or in the recovery room. 
 
During the procedure, arterial blood samples were taken for blood gas analysis 
(Radiometer 715, Radiometer Medical APS, Brønshøj, Denmark) just before 
induction of the pneumoperitoneum, at 30 minute intervals during steep 
Trendelenburg positioning, and 15 minutes after resuming the supine position.  
 
In the recovery room, any peripheral or central neurological complications were 
noted. The patients were discharged to the ward after evaluation by the anaesthetist, 
with particular attention being paid to the brachial plexus (clinical assessment) and 
cognitive functions (Aldrete score10). Duration of stay in both the recovery room and 
the hospital as well as the need for blood transfusions were recorded.   
 
Data analysis 
In subsequent offline analysis, the electronic data were converted to ASCII format, 
imported into Microsoft Excel and synchronized at 0.2 Hz. The following parameters 
were investigated: Heart Rate (HR), MAP, CVP, Peripheral oxygen saturation (SpO2), 
Pe’CO2, Plateau Pressure  (PPlat), Tidal Volume (TV), compliance, Minute Volume 
(MV) and SctO2. A moving-window median smoothing algorithm was used with a 
window of 1 minute and moving at 5 second steps. After graphical representation, a 
visual inspection of the data plots was performed to correct atypical erratic values 
caused by artifacts. The CPP was calculated as the difference between MAP and 
CVP. All curves were first synchronized with induction of Trendelenburg position 
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represented as T, and then later re-synchronised upon resumption of the supine 
position represented as S (Figure 1 & 2) and for each patient the mean and standard 
deviation were determined at 5 minute intervals. 
 
The baseline value, reported as T-10, was defined as the average value during the 5 
min interval 10 – 5 minutes before steep Trendelenburg repositioning (i.e. during the 
period when the patient was still in horizontal position, just prior to shallow 
Trendelenburg).   
 
The Arterial-to-End-TidalCO2 tension difference was calculated as the difference 
between the measured arterial CO2 tension and the mean of the Pe’CO2-values 
during the minute before an arterial blood sample was taken. 
 
Statistical analysis 
PaCO2 and Pe’CO2  data were analyzed using the Pearson correlation test for paired 
comparisons. The relationship between PaCO2 and Pe’CO2 was also determined by 
linear regression. Statistical significance level was set at 5 %. Data were analyzed 
using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). 
 
Results 
 
A full data set was acquired for each of the 31 patients enrolled. Data were normally 
distributed and are presented as mean (SD). Patient age was 62 (49 - 76) years. The 
total time spent in steep Trendelenburg position was 159 (70) min. Table 1 shows the 
perioperative changes of the following parameters measured before, during, and 
after the Trendelenburg period : Heart Rate (HR), Invasive Mean Arterial Pressure 
(MAP) and Central Venous Pressure (CVP) – measured at the level of the mid-ear, 
Cerebral Perfusion Pressure (CPP), Peripheral oxygen saturation (SpO2),  Regional 
cerebral tissue oxygen saturation (SctO2), end-tidal CO2 (Pe’CO2), Plateau Pressure 
(PPlat), Tidal Volume, Compliance and Minute Volume of the patients in the period 
before (Pre-Tren), during (Tren) and after (Post-Tren) institution of steep 
Trendelenburg position. The values are shown in table 1 as mean(SD) of the 31 
patients included in the study. Significantly different from pre-Trendelenburg period 
(p<0.05) are indicated with *.  
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Table 1 :  perioperative changes of the investigated parameters. 
 Pre-Tren Tren Post-Tren 
HR (bpm) 62(12) 63(10)  68(11) * 
MAP (mmHg) 79(14) 95(10) * 76(9)  
CVP (mmHg) 8 (4) 26(6) * 8(6)  
CPP (mmHg) 71(11) 70(12)  69(13)  
SpO2 (%) 98(1) 98(1)  98(1)  
SctO2 (%) 70(4) 73(4) * 74(5) * 
Pe’CO2  (kPa) 4.12(0.40) 4.79(0.40) * 4.92(0.40) * 
Pplat (cmH2O)  14(4) 26(5) * 15(4)  
Tidal Volume (ml) 542 (53) 529(66)  551(70)  
Compliance (ml/cm H2O) 50(1) 23(5) * 45(13) * 
Minute Volume (L) 7(1) 7(1)  8(1) * 
 
The course of the investigated parameters is shown in Figures 1.  For each 
parameter, the evolution of the value in individual patients (thin line) and of the 
average value (thick line) is shown. All data are synchronized at the moment of 
initiating Trendelenburg positioning (T). Values are shown from 10 minutes before T 
to 240 minutes after T. The average value is shown up to 180 minutes of 
Trendelenburg position. At reassuming the supine position, the curves are 
resynchronized (S) and values are shown for another 20 minutes.  
 
Haemodynamical parameters 
In the first five minutes after Trendelenburg positioning, the MAP and CVP increased 
by 33.7 and 22.7 mmHg thus increasing the calculated CPP by 11 mmHg. During the 
next hour, the MAP and CVP decreased modestly. After resuming the supine 
position, both the MAP and CVP decreased precipitously but to the same extent, 
leading to a  short-lived decrease in CPP to 61 (12) mmHg immediately after 
reassuming the supine position. Within three minutes, however, the CPP recovered 
to baseline values. 
 
Shallow Trendelenburg positioning and induction of the pneumoperitoneum 
increased the HR from 61(11) to 68(14) bpm (p<0.01). At T5 (5 minutes after the start 
of the steep Trendelenburg position), HR had decreased to 60(11) bpm (p<0.01). 
From T5 to T120, HR did not change (p>0.1). After return to the supine position, HR 
increased above baseline, 68(11) bpm (p<0.01).  
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Figure 1 : Evolution of the individual patient values (fine lines)  and the average 
value (thick line) of HR, MAP, CVP, CPP, SpO2, SctO2, Pe’CO2, Pplat, Tidal 
Volume and Compliance. 
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Oxygenation parameters 
The arterial oxygen saturation was stable throughout the procedure - mean SpO2 
was 98(1) %. The SctO2 did change throughout the procedure. From T-5 to T0, the 
SctO2 remained stable at 70(4) %. Between T0 and T35 it increased gradually to 73(5) 
% (p<0.01), and it increased even further to 74 (5) % after resuming the supine 
position (p<0.01). In all cases and throughout the duration of the procedure, SctO2 
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values remained well above the threshold value of 55% above which cerebral 
ischaemia is very unlikely11. 
 
Ventilation parameters 
The Pe’CO2 concentration increased from 4.12 (0.40) kPa at T-10 to an average of 
4.79 (0.40) kPa during Trendelenburg position (p<0.001). There were 178 paired 
Pe’CO2-PaCO2 values.  The arterial-to-Pe’CO2 gradient increased from 1.06 (0.40) 
kPa before Trendelenburg positioning to 1.46 (0.53) kPa after 120 minutes of steep 
Trendelenburg (p<0.001). Pe’CO2 and PaCO2 were highly correlated. The correlation 
coefficients (linear regression) before, during, and after Trendelenburg positioning 
were 0.68 (p<0.0001), 0.84 (p<0.0001) and 0.58 (p<0.002), respectively. Further 
analysis was conducted in order to identify the range of Pe’CO2 values in which 
accuracy would be maximized in relation to PaCO2. Figure 3 shows the regression 
lines for the pre-, peri- and post-Trendelenburg period, respectively. 
 
The respiratory plateau pressure (PPlat) gradually increased from 14(4) cm H2O at T-10 
to 20(5) cm H2O after applying a moderate CO2 peritoneum during moderate 
Trendelenburg positioning, and then further to 26(6) cm H2O at T5. Thereafter, it 
remained stable at 26(5) cm H2O  throughout the Trendelenburg period. After 
reinstitution of supine position, PPlat returned to 15(4) cm H2O, which was not different 
(p>0.1) from the baseline value. Reciprocally, the compliance decreased gradually 
from 50(15) ml/cm H2O at T-10 to 23(6) ml/cm H2O at T0 and remained stable at 23 (5) 
ml/cm H2O throughout the Trendelenburg period. After reinstitution of supine position, 
the compliance returned to 45(13) ml/cm H2O, which is significantly (p<0.01) lower 
than the baseline value. 
 
Arterial-to-End Tidal CO2 tension gradient 
Figure 2 shows the evolution of Arterial-to-End Tidal CO2 tension gradient measured 
just before induction of the peritoneum (S), subsequently at 30 minute intervals after 
Trendelenburg (T1-T9) and 15 (S1) and 30 (S2) minutes after reassuming the supine 
position. 
 
Figure 2 : Evolution of Arterial-to-End Tidal CO2  
                 tension gradient. 
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Figure 3 shows the relationship between PaCO2 and Pe’CO2. Linear regression lines 
are shown for the pre-, peri- and post-Trendelenburg period. The regression lines in 
the three periods deviate significantly. In the pre-Trendelenburg and post-
Trendelenburg period, the slope of the regression line is lower than the unity line, 
while in the Trendelenburg period, the slope is steeper than the unity line. This 
observation indicates that during Trendelenburg position, there is a stronger 
underestimation of the true carboxaemia at higher levels of Pe’CO2. Our data 
suggest that in these circumstances, maintaining a Pe’CO2 between 4.0-4.66 kPa will 
result in a PaCO2 between 4.66-6.00 kPa.  
 
Figure 3 : relationship between PaCO2 and Pe’CO2. 
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None of the patients showed any signs of brachial plexus injury. No patient required 
blood transfusion. All patients could leave the post-anaesthesia care unit after 
224(49) minutes with an Aldrete score of 10/10 and were discharged from hospital 
after the urinary catheter was removed on day 6. 
  
Discussion 
 
Haemodynamical considerations 
Compared with the classical open procedure, robotic endoscopic radical 
prostatectomy may offer many benefits.1,2. Steep Trendelenburg position (40°) 
optimizes surgical exposure during robotic prostatectomy, and although apparently 
well tolerated by most patients, the combined effect of this extreme Trendelenburg 
position and CO2 pneumoperitoneum during these long procedures has not been 
completely defined. In this observational study of a group of 31 patients undergoing 
robotic prostatectomy we observed that although the steep Trendelenburg position 
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combined with a CO2 pneumoperitoneum did statistically significantly influence 
cardiovascular, cerebrovascular and respiratory homeostasis, all investigated 
parameters remained within a clinically acceptable range. During institution of steep 
Trendelenburg position, the MAP and CVP increased significantly. Firstly, the 
observed increase in pressure is the result of increased hydrostatic pressure at the 
external auditory meatus caused by the tilting of the table. In addition, because the 
MAP increased a greater absolute amount than the CVP (34 versus 23 mmHg 
respectively), at least part of the increase in MAP must also be caused by increased 
cardiac output and/or systemic vascular resistance. O’Malley and colleagues 
demonstrated that these changes are caused by an increased intra-abdominal 
pressure compressing the aorta and increasing the afterload, possibly further 
enhanced by humoral factors12. Secondly, trans-esophageal Doppler measurements 
have shown a significant increase in stroke volume when patients are placed in the 
steep Trendelenburg position13.  This is consistent with our observation of a 
concomitant increase in MAP and decrease in HR after institution of steep 
Trendelenburg position.  
 
Since there is a greater increase in MAP than in CVP, the CPP increases significantly 
after institution of steep Trendelenburg position, compared to the baseline value. 
Over subsequent hours, the MAP, CVP and HR remained stable. After reassuming 
the supine position, both the MAP and CVP decreased significantly, but remained 
within acceptable ranges. During the whole procedure, the CPP remained well above 
what is considered to be the lower limit for autoregulation of cerebral blood flow14. 
Although the SpO2 decreased modestly during steep Trendelenburg position, it also 
remained well within safe values (above 90 %) in all patients during the whole 
procedure.  
 
Oxygenation considerations 
Near-infrared spectroscopy (NIRS) technology has recently been developed to 
enable continuous and noninvasive monitoring of regional cerebral tissue oxygen 
saturation for several indications. The different absorption characteristics of 
oxygenated and deoxygenated haemoglobin for different wavelengths of light allow 
determination of the balance between cerebral oxygen supply and demand15. The 
first generation of NIRS devices used two LED-sources to estimate the regional 
oxygen saturation11. These devices have recently been used  to assess the trend of 
SctO2 during robotic prostatectomy
6. An important limitation of this technique is that 
absolute values are relatively unreliable. Although the trends in first-generation SctO2 
values provide some useful information, the interpretation of these values, and the 
identification of threshold values with high sensitivity and specificity for ischaemia is 
difficult. The second generation of NIRS devices, applied in our study, uses a 
combination of four monochromatic LASER beams – each of which comprises a very 
narrow spectrum of light frequencies – which facilitates the accurate measurement of 
absolute values of SctO2 and a more secure determination of safe threshold values
11.  
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In our patients, SctO2 remained well above the safe threshold value of 55% in each 
patient, throughout the duration of the procedure. After institution of Trendelenburg 
position and CO2 insufflation, the SctO2 increased significantly. NIRS estimates the 
oxygen saturation of arterial and venous blood haemoglobin in the frontal cortex. In 
its algorithm, a 70% venous blood fraction is assumed11.  During these procedures 
with increased resistance to cerebral venous drainage, a relative increase in venous 
blood fraction is likely but would tend to result in a decrease in calculated SctO2.  
 
Soon after institution of Trendelenburg position, an increase of the SctO2 is observed. 
This was probably caused by a combination of increased CPP, and an increase in 
Pe’CO2, together resulting in increased cerebral blood flow and consequently in a 
decreased oxygen extraction ratio. If an extra-peritoneal surgical approach is 
undertaken, a more prominent increase in Pe’CO2 may be expected. These findings 
are consistent with the results from Park and coworkers6 using a first generation 
NIRS device. In their study, they concluded that the cerebral oxygenation increased 
slightly during a combined pneumoperitoneum and Trendelenburg position and that 
PaCO2 should be maintained within normal limits in that situation. 
The increase in Pe’CO2 towards the end of the procedure is a possible explanation 
for the increase in SctO2 since the resulting vasodilatation, associated with an 
essentially unchanged CPP, would tend to increase cerebral blood flow and 
consequently SctO2  
 
Ventilation considerations 
Maintaining a physiologic arterial CO2 tension is of special concern during this 
combination of altered respiratory physiology and CO2 pneumoperitoneum. In 
addition to increasing the ICP, an increased Pe’CO2 during steep Trendelenburg 
positioning causes choroidal vasodilatation and an increase in intraocular pressure16. 
Beyond the obvious concern of preserving overall metabolic homeostasis and optimal 
brain perfusion, maintaining an acceptable Pe’CO2 tension is therefore imperative to 
minimize the risk of serious ocular consequences, such as complete bilateral visual 
loss17. Whereas Pe’CO2 monitoring has proven to be an acceptable alternative to 
arterial blood gas PCO2 in many clinical circumstances, the utility of Pe’CO2 
monitoring in the assessment and management of patients with a combined steep 
Trendelenburg position and CO2 peritoneum has remained largely undefined. 
Therefore, we examined the level of agreement between PaCO2 and Pe’CO2 to 
determine if Pe’CO2 analysis is a sufficient guide for the management of the 
ventilation strategy in this clinical setting.  
 
The arterial-to-Pe’CO2 tension difference of 1.06 kPa in normal position increases to 
a maximum of 1.41 kPa after two hours in Trendelenburg position and tends to 
decrease back to normal pre-Trendelenburg values thereafter.  
The steeper slope of the regression line (figure 3) in Trendelenburg position reflects 
an underestimation by the Pe’CO2 of the PaCO2 at higher Pe’CO2 levels. 
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As expected, the plateau pressure increased with institution of the 
pneumoperitoneum and Trendelenburg position. There was no significant additional 
increase in pressure during the course of the operation. After reinstitution of the 
supine position, the plateau pressure returned to a level slightly above baseline 
values. Equivalently, the pulmonary compliance dropped from a 50 ml/cm H2O  
baseline value to 23 ml/cm H2O after Trendelenburg positioning and CO2 insufflation 
and remained stable during the Trendelenburg period. After reinstitution of the supine 
position, a moderate residual loss of pulmonary compliance was observed. This is 
probably caused by basal atelectasis, a residual cephalad displacement of the 
diaphragm and restriction in diaphragmatic mobility18. 
 
Positioning considerations 
Brachial plexus injury due to prolonged caudad displacement of the shoulders is a 
possible complication of robotic prostatectomy positioning19 and is of special 
concern. The use of a support system which limits this caudad pressure on the 
shoulders (because part of the patient’s weight is supported by the spinal column) 
may prevent patients from developing brachial plexus injuries. 
 
Conclusion 
We found that a combination of prolonged steep Trendelenburg position and CO2-
pneumoperitoneum was well tolerated. Haemodynamic and pulmonary parameters 
remained within physiologic limits. Regional cerebral oxygenation was well preserved 
and the cerebral perfusion pressure remained above the lower limit of the cerebral 
autoregulation. Maintaining a Pe’CO2 between 3.40-4.66 kPa results in a PaCO2 
between 4.66-6.00 kPa. No peripheral or central nervous deficits were detected 
following the procedure. 
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In response to our article in the British Journal of Anaesthesia, an interesting letter 
was sent to the editor by dr Andrew George, concerning a possible strategy to 
attenuate the postoperative confusional state after steep Trendelenburg position. 
 
 
 
In response to this letter, we confirmed our experience concerning the postoperative 
confusional state. The report of successful use of dexamethasone for preventing this 
confusion is very interesting in two different aspects.  
 
On the one hand, if confirmed in a controlled study, it could be used as a clinical tool. 
However, one should consider the possible side effects with regard to the possible 
influence of immuno-suppression on tumour recurrence. Since the confusional state 
is a benign condition that recovers spontaneously, potentially harmful medical 
interventions should be considered carefully.  
 
On the other hand if corticoid treatment significantly diminishes the confusional state, 
then it suggests that the potential pathogenesis of this state may involve cerebral 
inflammation and/or oedema. Since these processes can have delayed secondary 
harmful effects, dexamethasone may form part of a potential preventive strategy for 
delayed postoperative cognitive dysfunction. 
 
We responded the interesting comments of Dr. George as follows : 
  
I read with interest your article on the effect of steep Trendelenburg position.  
 
My surgeon does a lot of Laparoscopic Abdominal work. These procedures can last up to 
six hours and involves a steep head down Trendelenburg and left or right tilt, to the 
extremes of the table mechanism. I agree with their findings regarding the changes in 
stroke volume and cardiac function and was extremely pleased to see their results 
regarding cerebral oxygen saturations. They do briefly mention changes in ICP (intra 
cranial pressure) but do not elaborate further. It is my impression from many cases of this 
sort that the ICP does rise and despite relative normocapnoea and blood pressure 
maintenance some of these patients suffer an acute confusional state post operatively.  
 
Since the addition of dexamethasone 8mg into our post operative nausea and vomiting 
regime this only occurred in the diabetic patients who were not given dexamethasone. Due 
to this observation I now give all my patients dexamethasone and monitor and treat the 
changes in the blood sugar as appropriate. Further once the surgeons have finished the 
laparoscopic part of the surgery and are closing the abdominal wounds I use a reverse 
Trendelenburg, as much as surgery allows, until the end of surgery. This appears to 
prevent any postoperative acute confusion. Have the investigators noticed anything similar 
and how do they manage these patients and this problem? 
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We thank Dr. George for his interest in our article and his interesting comments.  
 
We also commonly observe a short-lived period of postoperative confusion after prolonged 
Trendelenburg positioning. While we do not have personal experience with dexamethasone 
for this indication, in our clinical practice we do tend to keep the patients sedated for another 
60 minutes after long procedures.  
 
The hypothesis that this confusional state may be caused by cerebral oedema prompted us to 
perform a follow-up study in which we focused on cerebral perfusion. In this study (currently 
undergoing peer review) we did not show an influence on cerebral perfusion parameters, but 
of course this does not exclude a degree of cerebral oedema. Thus the idea, of using 
dexamethasone to prevent the confusional state by attenuating oedema, is interesting and is 
worthy of further scientific investigation as to its efficacy and safety (e.g. with regard to the 
possible influence of immuno-suppression on tumour recurrence).  
 
While we understand the rationale for head up positioning at the end of the procedure, we 
would advise caution with this approach, since sudden reverse Trendelenburg positioning in 
patients who frequently have relative hypovolemia and may have cerebral oedema, may 
impair cerebral perfusion. 
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During the editing process of the April 2010 issue of the British Journal of 
Anaesthesia, the manuscript entitled “The influence of steep Trendelenburg position 
and CO2 pneumoperitoneum on cardiovascular, cerebrovascular and respiratory 
homeostasis during robotic prostatectomy”, which forms chapter 6 of this thesis, was 
selected by the editors of the BJA as one of two articles worthy of CME (Continuing 
Medical Education) credits from the Royal College of Anaesthetists (RCoA, UK). In 
the UK doctors must gain a certain number of CME credits per year to be able to 
maintain their license to practice. The intended audience comprises anaesthetists 
and others involved in anaesthesia, critical care and pain. 
 
For this purpose, fifteen multiple choice questions were formulated. The questions 
affirm knowledge of the topics covered. 
CME questions are published online (www.oxforde-learning.com/bja). 
 
Question 1 
Cerebral perfusion pressure (CPP): is determined by mean arterial pressure (MAP) and either central venous 
pressure (CVP) or intracranial pressure (ICP) 
 True    False 
 
Question 2  
Cerebral perfusion pressure (CPP): decreases after induction of pneumoperitoneum and the steep Trendelenburg 
position 
 True    False 
 
Question 3  
Cerebral perfusion pressure (CPP): is the main determinant of cerebral tissue oxygen saturation (SctO2) 
 True    False 
 
Question 4  
Cerebral perfusion pressure (CPP): decreases after table position normalization at the end of the procedure 
 True    False 
 
Question 5  
Cerebral perfusion pressure (CPP): can be influenced by the pressure in the pneumoperitoneum 
 True    False 
 
Question 6  
Regional cerebral tissue oxygen saturation determined by near infrared spectroscopy: is measured using pulsatile 
flow through the grey matter of the frontal cortex. 
 True    False 
 
Question 7  
Regional cerebral tissue oxygen saturation determined by near infrared spectroscopy: always decreases in the 
steep Trendelenburg position because of a relative increase in the venous blood fraction 
 True    False 
 
Question 8  
Regional cerebral tissue oxygen saturation determined by near infrared spectroscopy: can give trend values but 
not absolute values 
 True    False 
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Question 9 
Regional cerebral tissue oxygen saturation determined by near infrared spectroscopy: can be determined by 
passing laser beams through the brain 
 True    False 
 
Question 10  
Regional cerebral tissue oxygen saturation determined by near infrared spectroscopy: increases when PaCO2 
increases 
 True    False 
 
Question 11  
With induction of the combined steep Trendelenburg position and pneumoperitoneum: the arterial-to-end tidal 
tension difference increases with increasing PaCO2. 
 True    False 
 
Question 12  
With induction of the combined steep Trendelenburg position and pneumoperitoneum: sliding of the patient 
from the table can safely be prevented with classical shoulder supports 
 True    False 
 
Question 13  
With induction of the combined steep Trendelenburg position and pneumoperitoneum: eye injuries are of special 
concern 
 True    False 
 
Question 14  
With induction of the combined steep Trendelenburg position and pneumoperitoneum: there is a loss in 
pulmonary compliance, which does not spontaneously recover completely after normalization of the table 
position 
 True    False 
 
Question 15 
With induction of the combined steep Trendelenburg position and pneumoperitoneum: CO2 resorption will be 
greater with a transperitoneal than with an extraperitoneal surgical approach 
 True    False 
 
 
 
The correct answers are provided at the end of the evaluation. 
 
Question 1 
True. The CPP is determined as the difference between the MAP and the greater of the CVP and ICP. In the 
context of the steep Trendelenburg position, it is appropriate to estimate the CPP from the MAP and CVP. 
 
Question 2 
False. The increase of the hydrostatic pressure at the cerebral level is equal in the MAP and CVP. However, 
because of increased afterload and preload, the MAP increases more than the CVP, resulting in a net increase in 
CPP. 
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Question 3 
False. As long as the CPP is within the autoregulation zone, the CBF will be independent of the CPP. In this 
surgical procedure, the PaCO2 is the main determinant of the SctO2. 
 
Question 4 
True. A sudden drop in venous return causes a decrease in the MAP. Administration of intravenous fluid should 
be considered. 
 
Question 5 
True. The intraperitoneal pressure has influence on the venous return and on the vascular resistance, thus 
influencing the MAP and the CVP 
 
Question 6 
False. Converse to the pulse oximetry of arterial oxygen saturation, the SctO2 measures the mixed venous and 
arterial oxygen saturation. A 70% venous blood fraction is assumed.  
 
Question 7 
False. In this study, the SctO2 even slightly increased. A decrease in SctO2 should not be attributed to a shift in 
blood fractions and other causes should be considered. 
 
Question 8 
False. First generation devices only give trend values. Second generation devices are able to give absolute 
values. 
 
Question 9 
True. Second generation NIRS devices use four different wavelengths of monochromous laser light to determine 
the absolute value of the cerebral tissue oxygen saturation. 
 
Question 10 
True. Hypercapnia increases the cerebral blood flow and consequently increases the fraction of arterial blood and 
decreases the oxygen extraction ratio. This results in an increased SctO2. 
 
Question 11 
True. Maintaining a Pe’CO2 between 4.0-4.7 kPa will result in a PaCO2 between 4.7-6.00 kPa. 
 
Question 12 
False. Extra support of the spinal column should be provided to limit caudad displacement of the shoulders to 
prevent brachial plexus injury. 
 
Question 13 
True. Hypercapnia and increased intracranial pressure cause choroidal vasodilatation and increase intraocular 
pressure, which may lead to ocular injuries. 
 
Question 14 
True. There is residual loss in pulmonary compliance. Therefore a recruitment manoeuvre at the end of the 
procedure may be beneficial. 
 
Question 15 
False. If an extra-peritoneal surgical approach is undertaken, a more prominent increase in Pe’CO2 may be 
expected. 
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Abstract 
 
Background : The steep (40 degree) Trendelenburg position optimizes surgical 
exposure during robotic prostatectomy. The goal of the current study was to elucidate 
the influence of this patient positioning on cerebral blood flow and to assess the 
validity of different methods of evaluating cerebral perfusion. 
 
Methods : Transcranial Doppler flow velocity waveforms and invasive arterial and 
central venous pressure (CVP) waveforms were successfully recorded during the 
whole operative procedure in 14 consecutive patients who underwent robotic 
endoscopic radical prostatectomy under general anaesthesia. The Zero Flow 
Pressure (ZFP) was determined by regression analysis of the pressure-flow plot and 
by different simplified formulas. The effective Cerebral Perfusion Pressure (eCPP), 
Pulsatility Index (PI) and Resistance Index (RI) were determined. 
 
Results : While patients were in the Trendelenburg position, the ZFP increased in 
parallel with the CVP. The PI, RI, the gradient between the ZFP and CVP as well as 
the gradient between the CPP and the eCPP did not increase significantly (p<0.05) 
after 3 hours of steep Trendelenburg position. The ZFP calculated by the formula of 
Czosnyka overestimated the ZFP calculated by linear regression by 1.9 (3.7) mmHg, 
but did so consistently throughout the course of the operation.   
 
Conclusion : During prolonged steep Trendelenburg position and CO2 peritoneum, 
the gradient between the CVP and ZFP, and between the CPP and the eCPP remain 
invariant, as well as the PI and RI. Therefore, we conclude that this prolonged patient 
positioning does not compromise cerebral perfusion and that the CPP does not 
change over the course of the operation.  The ZFP using the formula of Czosnyka 
and the eCPP are reliable parameters for assessing brain perfusion during prolonged 
steep Trendelenburg positioning. 
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Introduction 
 
Robotic endoscopic abdominal surgery is increasingly being used1, 2. To facilitate this 
technique, steep (40°) Trendelenburg positioning of the patient for several hours is 
often required, along with a CO2 pneumoperitoneum. This combination of 
interventions has the potential to significantly influence cerebral haemodynamic 
homeostasis.  
 
The head down position increases arterial blood pressure, but at the same time 
increases the central venous pressure (CVP) to a lesser degree3 thereby impairing 
venous outflow from the brain, and increasing hydrostatic pressures within the brain 
vasculature. Increasing hydrostatic pressure will change the balance of Starling 
forces, and this is likely to increase the extracellular water content in dependent 
tissues, and in the brain this will result in an increase in intracranial pressure (ICP). At 
the same time, a degree of cerebral vasodilation is also likely, caused by 
autoregulation to maintain cerebral blood flow in the face of an impaired cerebral 
perfusion pressure (CPP), and exacerbated by possible increases in arterial PaCO2 
caused by the CO2 pneumoperitoneum (which impairs diaphragmatic excursion, and 
also results in some systemic CO2 absorption). Any resulting vasodilation will further 
increase ICP.  
 
It is not surprising then that the combination of steep Trendelenburg positioning and 
pneumoperitoneum has been shown to induce intracranial hypertension4 and cause 
significant reductions of cerebral tissue oxygen saturation in elderly patients5 and in 
patients with pre-existing raised ICP6. Patients presenting for robotic surgery are 
often elderly, with limited physiological reserve, and significant co-morbidities such as 
cerebrovascular disease, and these are thus patients in whom the procedure may 
critically disturb the cerebral perfusion. 
 
On regaining consciousness shortly after prolonged steep Trendelenburg positioning, 
patients commonly exhibit a short-lived (~60 minutes) period of pronounced cognitive 
dysfunction [personal observations]. The subsequent rapid return to baseline function 
suggests that the cognitive dysfunction is the result of an insult, such as cerebral 
oedema, that rapidly disappears with normal positioning.  
 
The driving pressure for brain perfusion, the CPP, is usually regarded as the 
difference between the mean arterial pressure (MAP) and the greater of the ICP and 
the CVP7. In normal patients and conditions the equation CPP = MAP – CVP 
provides a reasonable approximation of effective CPP (eCPP). If, however, 
significant cerebral perivascular oedema develops, the eCPP may deviate 
significantly from this theoretical value. Consequently, a CPP that is associated with 
adequate cerebral perfusion in the supine position may become inadequate after a 
long period of steep Trendelenburg position. Falling eCPP caused by worsening 
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perivascular oedema should be reflected in the evolution of the Zero Flow Pressure 
(ZFP), which is the theoretical arterial pressure at which blood flow in the cerebral 
circulation ceases, and may represent the effective downstream pressure of this 
system8. The evolution of the eCPP and ZFP can be estimated from analysis of the 
middle cerebral blood flow velocity (using Transcranial Doppler Sonography, TCD) 
and invasive arterial pressure waveforms.  
 
There are essentially two major methods for determining the ZFP. The most 
fundamental method calculates the ZFP by regression analysis of the pressure-flow 
plot of the Flow Velocity (FV) and invasive arterial pressure (P).  
 
Figure 1  : Determination of the Zero Flow Pressure by regression analysis.  
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Each dot in figure 1 of the flow velocity waveform represents a pressure sample and 
corresponds to a data point in the regression analysis. The X-intercept of the 
regression line is the ZFP. An R² > 0.91 is used as a cut-off value to select 
heartbeats with adequate signal quality. 
 
This method is the most precise, but requires perfect synchronization of the pressure 
and flow curves and requires elaborate computations. The second general method 
uses a formula to calculate ZFP from the systolic and diastolic pressure and flow 
values9 (figure 2). The basic principle is that, mathematically, perfusion pressure = 
flow x resistance. The two most commonly used formulas are those suggested by 
Czosnyka10 and Schmidt11. These methods are much simpler to implement than 
regression analysis and can easily be used for bedside assessments. As far as we 
are aware neither the general method nor the different available formulas for 
calculating ZFP have been validated in patients in the extreme Trendelenburg 
position.  
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Figure 2 : Formulas to determine ZFP, RI and PI based on systolic and diastolic 
pressure and flow values 
 
These formulas to determine the 
effective Cerebral Perfusion 
Pressure (eCPP) as described by 
Belfort, the Zero Flow Pressure 
(ZFP) as described by Czosnyka 
and Schmidt and the Resistance 
Index (RI) and Pulsatility Index (PI) 
are a function of the mean (m), 
diastolic (d) or systolic (s) value of 
the Flow Velocity (FV) and invasive 
Arterial Blood Pressure (BP) 
 
 
 
The aim of this study was therefore to assess the influence of extreme Trendelenburg 
positioning on ZFP, eCPP, arterial blood pressure and CVP over time. In addition we 
wanted to assess the influence of this position, and changes in PaCO2, on the 
pulsatility index12 and resistance index13, and to compare the different methods of 
calculating ZFP.  
 
Methods 
 
Patients 
After Institutional Ethics’ Committee approval (Ethics’ Committee, OLV Clinic, Aalst, 
Belgium) and written informed consent was obtained, 21 consecutive patients who 
underwent robotic endoscopic prostatectomy in steep Trendelenburg position were 
included.  
 
Anaesthetic management: 
No premedication was administered. Upon arrival in the operating theatre, standard 
monitoring was applied: ECG, pulse oximetry and non-invasive automated arterial 
blood pressure. After anaesthesia was induced with propofol, 1–2 mg kg-1 and 
sufentanil 0.25 g kg-1, rocuronium 0.6 mg kg-1  was administered and the trachea 
intubated. Anaesthesia was maintained with 1 MAC of sevoflurane. Additional 
boluses of sufentanil and rocuronium were administered as required at the discretion 
of the clinician. The lungs were ventilated in volume control mode with an O2/air 
mixture (FiO2 40%) and a PEEP of 5 cm H2O. The tidal volume was adjusted to 
achieve a PETCO2 between 4.0 and 4.7 kPa.  Normothermia was maintained with a 
forced-air warming system. Once stable profiles of capnography and blood pressure 
were reached, ventilatory and drug delivery settings were left unchanged. 
 
eCPPBelfort =  FVm  ×  
BPm −  BPd
FVm − FVd  
 
 
ZFPCzosnyka =  BPs − FVs ×  
BPs −  BPd
FVs − FVd  
 
 
ZFPSchmidt =  BPm − BPm ×  
FVd
FVm  
+ 14 
 
RI =  
FVs − FVd  
FVs  
 
 
PI =  
FVs − FVd  
FVm  
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Invasive pressure monitoring: 
After induction, a 20-gauge arterial catheter (Arterial Cannula, REF 682245, Becton 
Dickinson, Swindon, UK) was inserted percutaneously into a radial artery. The 
catheter was connected via rigid pressure tubing (length 150 cm, internal diameter 
1.5 mm), filled with saline, to a continuous-flush pressure-transducer system (Becton 
Dickinson Critical Care Systems, Singapore) to monitor beat-to-beat blood pressure. 
The right internal jugular vein was cannulated with a double-lumen central venous 
catheter (Arrow International Inc., Reading, PA, USA) for monitoring of central 
venous pressure. The external acoustic meatus was used as the zero reference point 
for both pressure transducers, to allow a precise determination of the cerebral 
perfusion pressure, independent of patient positioning. Both systems were calibrated 
against atmospheric pressure and both pressure transducers were connected to an 
S5-monitor (GE Healthcare, Helsinki, Finland). 
 
Transcranial Doppler ultrasonography: 
A middle cerebral artery was insonated via the temporal window using a 2MHz 
Transcranial Doppler ultrasound probe (dopbox, MedCaT, Erica, The Netherlands). 
The identity of the middle cerebral artery was confirmed using standard criteria14 and 
the position of the probe was fixed with the DiaMon® Sets (Compumedics, Singen, 
Germany) monitoring set to maintain a constant angle of insonation. All waveforms 
were recorded on a personal computer. The waveform sampling frequency was 100 
Hz. 
 
Surgical procedure: 
After adequate positioning of the patient3, the abdominal cavity was insufflated with 
CO2 to a pressure of 10mmHg, and the patient was placed in mild Trendelenburg 
position after which the trocars were located at the classical points15. Finally, the 
patients were slowly placed in steep Trendelenburg position (40o from horizontal). All 
operations were performed on the same table with the same degree of 
Trendelenburg.  
The surgeon performed the procedure with the da Vinci Robot Surgical 
System (Intuitive Surgical, Sunnyvale, CA). The intraperitoneal pressure was 
adjusted by the surgeon as needed. At the end of the procedure, the position of the 
table was normalized and the pneumoperitoneum was released. The surgical wounds 
were closed and the patient was awakened either in the operating theatre or in the 
recovery room. 
 
Data analysis: 
All vital signs were monitored using an S5-monitor with automated electronic data 
recording using Collect Software (GE Healthcare, Helsinki, Finland). The arterial 
pressure and central venous pressure waveforms were sampled and digitized at 
100Hz. All other variables were recorded digitally every 5 seconds. In the subsequent 
offline analysis, the data, which were stored in ASCII format, were imported into 
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Microsoft Excel spreadsheets. Using dedicated custom-developed software (written 
by A Kalmar), the pressure waveforms were synchronized with the velocity 
waveforms for visual inspection and analysis.  
Pressure and velocity waveforms of each individual heart beat over the whole 
operation were evaluated for perfect synchronization. Hysteresis in the pressure-flow 
velocity plots was minimized (for each heartbeat, the point of maximal positive slope 
of both waveforms was automatically synchronized) and the ZFP was calculated for 
every heart-cycle as extrapolated by regression analysis of the pressure-flow plot16 
(Figure 1). These data are presented as ZFPreg. Because signal quality is of critical 
importance for reliable determination of derived values from pressure and flow 
parameters, we only analyzed those waveforms where the R² of the regression line 
was > 0.91. 
 
In those heartbeats with R²>0.91, the effective Cerebral Perfusion Pressure (eCPP) 
was calculated using the formula of Belfort17,  the ZFP using the formulas described 
by Czosnyka10 and Schmidt11,  the Resistance index13 (RI) as described by Pourcelot 
and the pulsatility index12 (PI) as described by Gosling and King (Figure 2). 
 
The MAP and CVP were determined for each heartbeat (as the arithmetic mean of 
sampling values within each heartbeat) and the CPP was calculated as the difference 
between MAP and CVP. 
These calculated values were determined at 10 minutes intervals from 5 minutes 
before institution of Trendelenburg position to 30 minutes after resuming the supine 
position. For each interval, the mean (SD) was calculated for the values within a time 
window of 30 seconds (= 6 ventilation cycles). 
 
All curves were first synchronized with onset of Trendelenburg positioning (T0), and 
then later re-synchronised upon resumption of the supine position (represented as S 
in Figure 3). The baseline value, reported as “Pre”, was defined as the average of the 
30 second interval at 5 minutes before steep Trendelenburg repositioning (i.e. during 
the period when the patient was still in horizontal position, just prior to shallow 
Trendelenburg).   
 
The relationship between the Pulsatility Index and the Pe’CO2 after institution of the 
Trendelenburg position was determined by linear regression analysis (Figure 4). 
 
Statistical analysis: 
Data were analysed using the two-sided Student T-test for paired comparisons and 
statistical significance level was set at 5 %. Data were analyzed using Excel 2007. 
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Results 
 
Twenty-one patients were enrolled in the study. No reliable TCD signal could be 
obtained in 7 patients, who were thus excluded from further analysis. Data of the 14 
included patients were normally distributed and are presented as mean (SD). Patient 
age was 63 (8) years. The total time spent in steep Trendelenburg position was 149 
(83) min. All patients left the post-anaesthesia care with an Aldrete18 score of 10/10 
and were discharged from hospital after an uneventful postoperative period.  
 
Table 1 : Parameters measured before, during and after the Trendelenburg 
period. 
 Pre-Tren Tren Post-Tren 
MAP (mmHg) 85(12) 91(11)  73(14)* 
CVP (mmHg) 9 (5) 25(8) * 8(4)  
CPP (mmHg) 
eCPPBelfort (mmHg) 
76(12) 
73(15) 
67(13) 
61(10)   
63(14)* 
61(20) *  
ZFPlinear regression (mmHg) 13(7) 28(11) * 8(15) 
ZFPCzosnyka (mmHg) 14(8) 30(11) * 10(14) 
ZFPSchmidt (mmHg) 8(7) 8(5)  4 (6) 
Pe’CO2 (kPa)  4.1(0.3) 4.9(0.5) * 4.8(0.6)*  
Pulsatility Index 0.73 (0.20) 0.72(0.17)  0.75(0.19)  
Resistance Index 0.48(0.09) 0.48(0.07)  0.49(0.08) 
 
The perioperative changes in Invasive Mean Arterial Pressure (MAP) and Central 
Venous Pressure (CVP) – measured at the level of the mid-ear, Cerebral Perfusion 
Pressure (CPP) calculated as CPP=MAP-CVP, effective CPP as described by  
Belfort, Zero Flow Pressure (ZFP) calculated by linear regression and as described 
by Czosnyka and Schmidt, End-tidal CO2 pressure (Pe’CO2), Pulsatility Index and 
Resistance Index of the patients in the period before (Pre-Tren), during (Tren) and 
after (Post-Tren) institution of steep Trendelenburg position. The values are shown 
as mean(SD) of the 14 patients included in the study. *: significantly different from 
pre-Trendelenburg period, p<0.05. 
 
The course of the investigated parameters is shown in Figures 3a-c as mean values 
at 10 minute intervals.  
 
MAP increased significantly from 85 (12) mmHg before Trendelenburg positioning to 
107 (14) mmHg at T1 (10 minutes after T0) (P<0.05). Thereafter it was not 
significantly (p>0.05) different from pre-Trendelenburg values (figure 1). After 
resumption of the supine position, the MAP was significantly (p<0.05) lower than 
before T0.  
 
CVP and ZFPreg increased significantly (p<0.05) after T0.  
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Figure 3 : The Course of the investigated parameters at 10 minute intervals. 
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The course of the Central Venous Pressure (CVP), Zero Flow Pressure calculated by linear regression 
(ZFP), Zero Flow Pressure as described by Czosnyka and Schmidt and the End-Tidal CO2 pressure 
(Pe’CO2).(3a) The course of the Pulsatility Index, Resistance Index and End-Tidal CO2 pressure 
(Pe’CO2).(3b) The course of the Central Venous Pressure (CVP), Invasive Mean Arterial Pressure 
(MAP), Cerebral Perfusion Pressure determined as (CPP=MAP-CVP) and the effective Cerebral 
Perfusion Pression as described by Belfort (eCPP Belfort).(3c) The parameters are shown as Mean 
values at 10 minutes intervals. All data are synchronized at the moment of initiating Trendelenburg 
positioning and resynchronized at resumption of the supine position. The parameters are shown as 
Mean values at 10 minutes interval from 5 minutes before to 165 minutes after institution of 
Trendelenburg position. At reassuming the supine position, the curves are resynchronized  and values 
are shown for another 20 minutes. 
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The gradient between these parameters remained stable – mean ZFPreg was 2.8 
(8.6) mmHg greater than CVP during Trendelenburg positioning (p>0.05). Neither 
parameter changed significantly during the period of Trendelenburg positioning (fig 
3a). 
 
The ZFPCzosnyka increased significantly (p<0.05) after T0 and correlated closely with 
ZFPreg (fig 3a). After resumption of the supine position, it was not significantly 
different (p>0.05) from the value before Trendelenburg.  The ZFPSchmidt did not 
change significantly (p>0.05) after T0 and showed poor correlation with the ZFP 
(fig3a). 
 
The eCPP did not change significantly (p>0.05) during Trendelenburg compared to 
the pre-Trendelenburg value. eCPP was significantly lower after Trendelenburg 
compared with baseline : eCPP 73 (15) mmHg at baseline versus 59 (23) mmHg at 
S1, P<0.01 (fig 3c).  
 
Over the course of the operation, eCPP values were consistently lower than the 
calculated CPP (=MAP-CVP), although this difference did not reach statistical 
significance. Moreover, the gradient between the CPP and the eCPP did not increase 
significantly over the course of the operation (fig 3c).  
 
The Pulsatility Index and Resistance Index did not change significantly (p>0.05) over 
the course of the operation (fig 3b). The Pe’CO2 increased significantly (p<0.05) 
during Trendelenburg position, compared to baseline (fig 3b). There was a negative 
correlation between the Pulsatility Index and the Pe’CO2 (fig 4).  
 
Figure 3 : Linear regression analysis of the Pulsatility 
index in function of the Pe’CO2. 
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This negative slope confirms that the CO2 reactivity of the cerebral blood flow is 
preserved. 
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Discussion 
 
Steep Trendelenburg position (40°) optimizes surgical exposure in several 
procedures, and is well tolerated by most patients3. In this observational study of a 
group of 14 patients undergoing robotic prostatectomy we have evaluated the 
influence of the steep Trendelenburg position combined with a CO2 
pneumoperitoneum on the cerebral haemodynamic homeostasis. We have also 
evaluated and compared different methods for estimating zero flow pressure that 
were hitherto only validated in subjects positioned in more benign positions.  
 
We have previously observed that patients are frequently disorientated after 
awakening after being in the Trendelenburg position for a long time, but that this 
resolves spontaneously within an hour. This rapid return to normal cognitive function, 
coupled with the fact that cerebral brain oxygenation remains optimal during robotic 
prostatectomy3, lead us to suspect that the period of disorientation may have been 
caused by cerebral oedema resulting from increased venous pressure during steep 
Trendelenburg positioning. In contrast with peri-orbital oedema (which is probably 
also caused by venous hypertension), cerebral oedema is a far less benign problem, 
given the fixed volume of the cranial cavity. It is thus important to know whether this 
cerebral oedema, if present, is sufficient to compromise cerebral perfusion. 
 
Buhre and colleagues 19 demonstrated that the Zero Flow Pressure is determined by 
two Starling resistors in series, one at the precapillary arteriolar level influenced by 
vascular tone, and one at the level of collapsible cerebral veins influenced by the 
greater of the ICP and CVP.  A Starling resistor is any collapsible conduit surrounded 
in its middle section by an external pressure that is greater than the outlet pressure7. 
The precapillary Starling resistor determines the effective downstream pressure as 
long as the ICP (CVP) does not exceed the critical closing pressure of the arteriolar 
system. It remains to be seen whether the resistance of the second starling resistor 
(at the level of the cerebral veins) remains at an acceptable level in the context of 
prolonged steep Trendelenburg position. Weyland and coworkers have shown that 
the Zero Flow Pressure of the cerebral circulation can be reasonably assessed from 
instantaneous pressure-flow velocity plots by extrapolation20. This ZFP should be 
slightly higher than the CVP. If prolonged steep Trendelenburg position has a 
significant effect on the ZFP, the ZFP-CVP gradient should increase over time. Our 
observations show (Figure 3a) that this gradient does not increase significantly 
(P>0.05), even after 3 hours of head-down positioning. This suggests that any 
cerebral perivascular oedema that may develop does not significantly hamper the 
cerebral perfusion. 
  
The evolution of changes in cerebral vascular resistance can also be assessed by 
estimating the effective Cerebral Perfusion Pressure (eCPP), described by Belfort 
and colleagues (Figure 2). This eCPP should be slightly lower than the calculated 
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CPP (CPP = MAP-CVP). As shown in figure 3c, the eCPP is indeed slightly lower 
than the CPP, but the gradient between the CPP and the eCPP does not change 
significantly and neither the Pulsatility Index nor the Resistance Index increase 
significantly over the course of the operation (fig 3b). Moreover, the negative 
relationship between the PI and the Pe’CO2 suggest that the CO2-reactivity of the 
cerebral system is also preserved (fig 4). All these observations suggest that the 
cerebral microcirculation and cerebral autoregulation are preserved during prolonged 
Trendelenburg positioning.  
 
Inversely, the observation that the CPP, calculated as CPP = MAP-CVP gives a very 
similar result to the eCPP calculated by the formula of Belfort (figure 2), suggests that 
even after prolonged steep Trendelenburg positioning, this time-honoured method of 
determining the CPP, based on the values of the MAP and CVP, remains valid. 
 
Throughout the whole procedure, ZFPCzosnyka was remarkably similar to ZFPreg. In 
contrast, although ZFPSchmidt  was similar to ZFPreg during the pre-Trendelenburg 
period, it did not change significantly during Trendelenburg positioning, and remained 
at about 1/3 of the ZFPreg (Figure 3a).These results suggest that when patients are in 
this position, the method of Czosnyka provides a reasonable estimate of ZFP 
whereas that of Schmidt does not.  
 
In conclusion, even after prolonged combined Trendelenburg positioning and 
pneumoperitoneum, we found no evidence of cerebral oedema, and no increased 
resistance to cerebral blood flow other than that caused by the hydrostatic pressure 
due to the head-down position. In these situations, the clinically convenient method 
to determine the ZFP described by Czosnyka remains valid, as does the conventional 
method for calculating CPP. 
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Newly implemented surgical practices offer improved treatment options in many 
clinical conditions. The advent of new imaging techniques, improved endoscopic 
surgical equipment and the introduction of robotic technology have allowed many 
advances in surgical care, commonly referred to as „minimal invasive surgery‟. 
However, in several of these newly introduced surgical interventions, direct surgical 
manipulations of cerebral structures or extreme patient positioning is likely to 
severely disturb intracranial pressure, cerebral perfusion and oxygenation. This 
perturbation of cerebral homeostasis may imply important risks for irreversible brain 
damage, making these surgical improvements much less minimal invasive than 
previously supposed. A better understanding of the physiological changes induced by 
and during these procedures might optimize patient care. 
 
A surgical field where minimally invasive techniques offer great potential for improved 
patient outcome is endoscopic neurosurgery. Since endoscopic techniques allow for 
intracranial interventions with minimal damage to healthy brain tissue, these 
advances are a major benefit in this particular surgical area. Because these 
procedures are associated with bleeding into the ventricles, active rinsing of the 
ventricular cavities is imperative to remove blood to improve the operative view. This 
rinsing may induce very fast increases in intracranial pressure. Even more, in many 
cases deliberately applied controlled intracranial hypertension is a surgical technique 
to control bleeding, which allows for more complex procedures to be successfully 
performed with endoscopic techniques.  
 
From 2002 to 2008, I had the privilege to collaborate on neurosurgical patient care in 
the Gent University hospital with a neurosurgical team that were among the pioneers 
in endoscopic neurosurgery. Their experience with the technique allows them to 
attempt ever more delicate procedures. An essential skill to perform these intricate 
operations successfully is the manipulation of the rinsing flow to control 
intraventricular fluid volume and pressure. 
 
During these procedures, we often observed unexpected, but very severe 
haemodynamic changes during a stable anaesthetic regimen, which could only be 
caused by the intracranial manipulations. It was also remarkable that such events 
always occurred during difficult manipulations or during heavy rinsing. After our 
communication and subsequent retraction of the working instruments or diminishing 
of the flow, there was a fast normalisation of the haemodynamics. 
 
Harvey Cushing was the first to describe in 1903, based on his clinical experience as 
a neurosurgeon,  a triade of hypertension, bradycardia and apnea as a result of 
intracranial hypertension. Although Heymans showed in 1928 in animal research that 
there is an initial short-lasting tachycardia before the onset of bradycardia, it is only 
since the introduction of neuro-endoscopy, this has become clinically relevant. 
Relying on the experience with relatively slow-evolving processes such as subdural 
haematoma, hydrocephalus or cerebral tumors, many clinicians still consider 
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bradycardia and hypertension as the first haemodynamic sign of intracranial 
hypertension. However, in our clinical experience, we have observed that tachycardia 
occurs more frequently than bradycardia during neuro-endoscopy and might be 
considered an earlier warning sign making interventions safer. 
 
Since the precise haemodynamic effects of endoscopically induced hyperacute 
intracranial hypertension were never thoroughly investigated, we developed a 
methodology for synchronous recording of the intracranial and arterial pressure 
waveforms during endoscopic neurosurgery. Using our custom-written software for 
analysis and visualization of these data, we were able to precisely describe the 
haemodynamic effects of induced intracranial hypertension and to determine the 
most suitable parameters for detection and prevention of harmful complications.  
 
Contrary to the conventional view of the Cushing reflex being a combination of 
hypertension and bradycardia, we discovered that the initial phase of the Cushing 
reflex in hyperacute intracranial hypertension consists of a combination of 
hypertension and tachycardia. We demonstrated that tachycardia is always the first 
sign of severely increased ICP. Waiting for a persistent bradycardia could allow 
severe complications to develop. Secondly, we demonstrated that during endoscopic 
neurosurgery, the main determinant for brain perfusion is the cerebral perfusion 
pressure, and an increased intracranial pressure does not cause a distinctive 
Cushing reflex as long as an adequate perfusion pressure is preserved. While in 
adults, this insight may allow tolerance of higher rinsing pressure, it implies that in 
babies it is essential that much lower thresholds are used. Moreover, in literature it is 
often postulated that babies are protected against Cushing reflexes by their open 
fontanel. We proposed safety measures to prevent brain ischaemia in these 
particularly vulnerable patients and strategies for adequate patient monitoring.  
 
The observation that no distinct Cushing reflex is induced, even at very high rinsing 
pressures, as long as an adequate cerebral perfusion pressure is preserved, raises 
the question of what happens with the cerebral blood flow in these cases, and to 
what degree the different stages of the Cushing reflex occur in relation to the cerebral 
blood flow. Based on our synchronous recordings of intracranial and arterial pressure 
and Doppler measurements of the blood flow through the middle cerebral artery, we 
could clearly demonstrate the exact sequence of haemodynamic changes resulting 
from impeded brain perfusion.  This shows that it takes about ten seconds after 
abolition of brain perfusion, before a Cushing reflex – consisting of hypertension and 
tachycardia – arises. These Doppler readings also demonstrate that the Cushing 
reflex is a protective and effective mechanism to preserve some brain perfusion 
despite massively increased intracranial pressure. 
 
Knowledge of the nature of the Cushing reflex is essential to comprehend the 
meaning of such haemodynamic changes. Misinterpretation might result in 
inappropriate pharmacological intervention to reduce blood pressure, thereby 
General discussion and future perspectives 
 
126 
allowing persistent deleterious intracranial hypertension to persist, whilst interfering 
with this protective mechanism. In this scenario it is far better to maintain the blood 
pressure but inform the surgeon.  
 
During clinical surgery, moments of intracranial hypertension resulting from excessive 
rinsing often coincide with direct mechanical stimulation of the brainstem. Therefore, 
we developed a rat model to study the haemodynamic and hydrodynamic effects of 
isolated intracranial hypertension. In this model, we confirmed convincingly that the 
first sign of acute intracranial hypertension is a concurrent arterial hypertension and 
tachycardia. A particular advantage of our model is the ability to exactly quantify the 
amount of rinsing fluid that is translocated from the ventricular cavity to the vascular 
compartment. A striking result of this investigation is the observation that very 
significant fluid translocations occur at high intracranial pressures, resulting in drop in 
haematocrit and fatal pulmonary oedema. A third important finding is the observation 
that animals that apparently recovered smoothly from the procedure, and showed 
completely normal behavior after 24 hours, nevertheless had very significant 
histologically confirmed loss of hippocampal neurons. The obvious clinical message 
is that we should be reserved in claiming optimal patient care simply because 
patients show normal postoperative behavior. These findings demonstrate that, aside 
from acute haemodynamic disturbances, severe perioperative intracranial 
hypertension induces subclinical irreversible brain damage. Moreover, even without 
distinctive haemodynamic changes, a high ICP may induce important complications. 
 
The obvious conclusion of these discoveries is that it is imperative to develop and 
determine optimal strategies to monitor and control intracranial pressure during 
endoscopic neurosurgery. The most practical locations to monitor this pressure is at 
the inflow or outflow channel of the neuro-endoscope. Both locations are used in 
literature with no solid arguments in favor of either methods. Since – remarkably – 
there has never been a sound study determining the reliability of these 
measurements in a realistic clinical situation or simulation, we built an in-vitro model 
to determine the validity of these pressures during clinically relevant rinsing flows. As 
we discovered that neither a pressure measurement at the inflow nor the outflow 
reliably reflects the true intraventricular pressure, we developed a new strategy for 
perioperative intracranial pressure monitoring and demonstrated this reflects the true 
intraventricular pressure at any rinsing flow pattern. We convincingly provided 
evidence that reliable noninvasive ICP-monitoring is only possible using a 
transendoscopic sensor or catheter. 
 
With our prospective patient study, we demonstrated that close monitoring of the 
haemodynamic changes is indispensable during these procedures. However, 
currently this is only possible using invasive arterial blood pressure monitoring, while 
using indwelling catheters in the radial artery has important risks, especially in small 
children. An attractive alternative would be continuous non-invasive blood pressure 
monitoring using piezo-electric pressure sensors at the radial site. However, despite 
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its unmistakable advantages, this technology has not reached the clinical practicality 
yet, because of its inability to deliver a stable reliable reflection of the arterial 
pressure changes. Therefore, we conducted a study to determine different 
physiological and technical sources of artifacts. In this study, we identified some 
technical, and some physiological causes of unreliable pressure readings that must 
be resolved before this technology can be used in these procedures. 
 
Another major innovation in surgery of recent years is the introduction of robotic 
technology in the operating theatre. This silent revolution in endoscopic surgery 
allows for much more accurate surgical manipulations and introduces the option of 
endoscopy as an alternative to the classical approach in several indications. Again 
however, although this “minimal invasive” character is certainly advantageous in the 
surgical area of the procedure, the highly unphysiological patient positioning 
combined with the need for CO2-pneumoperitoneum raises major concerns for the 
physiological homeostasis of the patient, especially for intracranial pressure, brain 
perfusion and oxygenation.  
 
From 2008 to 2009, I was again extremely privileged to perform anaesthesia care 
together with an urological team in the OLV-hospital in Aalst, Belgium who have 
played a pioneering role in the use of robotic urological surgery. As they developed 
their technique and surgical approaches, professional anaesthesiological care 
matured to assess the boundaries of the feasibility. Despite the hours of positioning 
in steep Trendelenburg position – which is essential for the surgery - patient recovery 
was surprisingly fast. However, since the occurrence of postoperative cognitive 
disorders cannot easily be objectively quantified, the absence of obvious deficits 
does certainly not automatically imply perfect perioperative management of cerebral 
homeostasis. Secondly, the influence of this extreme positioning on cardiovascular 
and pulmonary physiology in this elderly population was never examined before. 
Therefore, we investigated its influence on the cardiopulmonary system, and on 
cerebral perfusion and oxygenation. Our findings showed that – taking into account 
the essential precautions for an adequate anaesthesiological approach – 
haemodynamic, pulmonary and cerebral parameters remained within a clinical 
acceptable range. Together with a general illumination of an adequate management 
and details of optimal patient positioning, this scientific confirmation of adequately 
preserved homeostasis is important to allow broader application of these novel 
surgical approaches. In addition it was unknown to what degree the end-tidal CO2 
concentration reliably reflects the arterial CO2 in this patient positioning, and 
consequently how it must be interpreted to optimize ventilation. Our work described 
that a Pe‟CO2 between 3.40-4.66 kPa results in a PaCO2 between 4.66-6.00 kPa. 
This knowledge is essential as PaCO2 is a key determinant for brain perfusion – a 
central concern in this circumstance. 
 
Although cerebral oxygenation – as measured with Near-infrared technology - is a 
fundamental parameter for safeguarding the cerebrum, it only shows part of the 
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picture. From our clinical experience, it was obvious that important homeostatic 
disturbances do occur, since a reversible phase of postoperative confusion is 
frequently observed. Because of the clinical evolution of this confused status, with 
very fast recovery within an hour, cerebral oedema was the main suspect. In order to 
quantify objectively the degree of resistance to cerebral blood flow, we designed a 
study protocol to elucidate the influence of this patient positioning on the main 
parameters of the cerebral circulation. Using transcranial Doppler waveform 
registrations at the level of the middle cerebral artery and the radial arterial blood flow 
waveforms, we were able to depict the evolution of these parameters over the course 
of the procedure. As no commercial software exists for this particular analysis, we 
needed to write our own software for precise synchronization of the different 
waveform data, and for the determination of the derived physiological parameters of 
brain perfusion. This analysis showed that the two principal descriptive parameters of 
cerebral microvascular blood flow – pulsatility index and resistivity index – remained 
acceptable, although significant alterations do occur.  
 
Our algorithm-based methodology to determine these parameters, using a high-
resolution analysis of synchronized pressure and flow waveforms, is the most 
mathematically and physiologically accurate. However, since this method is far too 
elaborate to be useful in clinical practice, some formula-based methods have been 
proposed and validated in several clinical conditions. These formula-based methods 
thus far were never validated in this particular clinical setting of combined extreme 
Trendelenburg position and CO2-pneumoperitoneum. Therefore, together with our 
descriptive analysis of the evolution of the different brain flow parameters over the 
course of the procedure, we also evaluated the different formula-based methods on 
their validity in this clinical situation. We discovered that of the several proposed 
formulae, only the one proposed by Czosnyka remains reliable in every patient 
position. This knowledge allows for much more practical real time monitoring of brain 
perfusion parameters in this patient positioning. It also supports the thesis that the 
theoretical basis for this formula is a reliable reflection of the true physiological reality.  
 
In many institutions, anaesthetists are reluctant to offer this favorable patient 
positioning for surgical interventions because of safety concerns. This may deny 
optimal surgical care to many patients. We hope this work may relieve these 
concerns and provide some accurate underlying insight in order to select the best 
treatment options to a large patient population.  
 
Future perspectives :  
 
Our research has convincingly demonstrated that during endoscopic surgery very 
significant intracranial pressure changes occur that are much greater than 
anticipated. Even more, neurosurgeons assert that the most complicated 
neurosurgical interventions are only possible in a minimally invasive way if 
neurosurgical induction of high rinsing pressure is performed. Because these 
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intracranial pressure changes can occur extremely fast, and can have detrimental 
consequences, a reliable perioperative intracranial pressure monitoring is essential. 
In this thesis, we describe the development of this new monitoring methodology.  
 
In our ongoing work, we are optimizing the architecture of a practical, disposable 
pressure monitoring device for application during endoscopic surgery in routine 
practice.  
 
Secondly, a prospective interventional study is being performed to confirm the 
improved diagnostic value of this transendoscopic intracranial pressure monitoring 
system. 
  
In parallel to this research line focusing on intracranial pressure monitoring, other 
animal-research is being planned on differential suppression by various anaesthetic 
drugs of metabolism in different brain regions. The final aim is to optimize the local 
cerebral metabolism during surgical procedures in order to minimize ischaemic 
damage and to improve cognitive outcome.  
 
In a third research line, we aim to investigate the degree of neuro-inflammation 
during surgical procedures involving cardiopulmonary bypass, its involvement in 
postoperative cognitive disorders and possible strategies to modulate this process. In 
a first number of studies in rats, a novel PET tracer 11C-PK11195 will be examined 
for its ability to quantify the degree of neuro-inflammation in different brain regions. 
Depending on the results of these initial studies, several preventive interventional 
strategies will be examined in animal research, and the tracer will be used in 
prospective studies in patients undergoing surgery requiring cardiopulmonary 
bypass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
General discussion and future perspectives 
 
130 
 
 
 
 
 
 
 
  
     
Summary 
Summary 
 
132 
This thesis describes the influence of perioperative intracranial hypertension on the 
cerebral perfusion, oxygenation and homeostasis in different surgical conditions. The 
main approach through this work is firstly to create a meticulous  description of the 
intracranial physiopathological alterations due to different surgical interventions. 
Secondly, a study on the optimization of the monitoring is performed and several 
therapeutic implication are recommended. 
 
Chapter 0 provides a general introduction on the cerebral anatomy, physiology and 
different autoregulation mechanisms. Also the physiopathology of the Cushing reflex 
is elucidated, and more specifically the first effects of hyperacute intracranial 
hypertension, as is seen in surgical interventions. The basic principles of the used 
monitoring systems are explained and some specificities of endoscopic 
neurosurgery. 
 
In chapter 1, we investigated the haemodynamic effects of increased intracranial 
pressure (ICP) in a prospective observational study in patients during endoscopic 
neurosurgical procedures. As a precise description of the haemodynamic changes in 
relation to the ICP during neuroendoscopy was still lacking in the literature, the aim of 
this study was to offer a high resolution description of this phenomenon. Additionally, 
we investigated the most suitable parameters to detect increased ICP timely to 
prevent deleterious brain ischaemia, together with possible strategies to keep the 
cerebral perfusion at a safe level. The main message of this study is that – contrary 
to the conventional view of the Cushing reflex being a combination of hypertension 
and bradycardia – the initial phase of the Cushing reflex in hyperacute intracranial 
hypertension consists of a combination of hypertension and tachycardia. 
 
Based on Doppler-measurements during a neuro-endoscopic procedure we show in 
chapter 2 the exact sequence of events after a complete stop of the cerebral blood 
flow and the value of the Cushing reflex for its fast detection. 
 
In chapter 3, in a rat model of endoscopic neurosurgery we confirm our clinical 
findings that the first sign of acute intracranial hypertension is a concurrent arterial 
hypertension and tachycardia. Secondly, we show that at high rinsing pressures, 
important translocation of rinsing solution to the vascular compartment occurs, with 
significant lowering of haematocrit levels. Histological analysis of the rat brains 
elucidates that a clinically normal postoperative behavior does not exclude important 
neurological damage. Thirdly, uncontrolled excessive intracranial hypertension, even 
without complete brain ischaemia can induce fatality due to pulmonary edema. 
 
Because the optimal location and methodology to determine the ICP during 
neuroendoscopic procedures was not yet determined, in chapter 4 we investigated 
different approaches and propose a transendoscopic monitoring system. This 
noninvasive technique increases the accuracy considerably compared to current 
practices.  
Summary 
 
  
133 
 
The occurrence of the Cushing reflex is an indispensable diagnostic tool to detect 
intracranial hypertension. Presently, timely detection of this reflex is only possible 
using invasive arterial blood pressure monitoring. Therefore, in chapter 5 we 
investigated the possibilities and limitations of non-invasive continuous arterial blood 
pressure monitoring in these neurosurgical procedures. 
 
In chapter 6, the impact of hour-long positioning in steep Trendelenburg position for 
robotic endoscopic surgery is examined. This promising surgical technique can only 
be performed safely with adequate knowledge of its influence on the human 
physiological homeostasis. Since this was never thoroughly clarified, we investigated 
its influence on the cardiopulmonary system, and on cerebral perfusion and 
oxygenation. 
 
In chapter 7, a more fundamental physiological analysis of the cerebral 
microcirculatory physiology was performed by synchronous computerized waveform 
analysis of the arterial invasive blood pressure and transcranial Doppler signal. This 
analysis has demonstrated that this hour-long steep Trendelenburg position has no 
clinically significant effect on the cerebral vascular resistance parameters. In addition, 
we identified a simple formula to determine the zero-flow pressure based on discrete 
blood-pressure values without the need for complex regression analysis.  
 
In conclusion, as discussed in chapter 8, minimally invasive techniques offer 
improved treatment options for several medical conditions. These novel therapies 
have an important surgical advantage of limiting tissue damage, which is of specific 
importance in neurosurgery. Besides being minimally invasive, robotic surgery – 
being pioneered in urological procedures – has the additional advantage of providing 
superior visualization and movement control, permitting reduced nerve damage and  
blood loss, and improved oncological outcome. 
However it is of capital interest that there is a profound understanding of the 
anaesthesiological consequences of these minimal invasive manipulations to provide 
an optimal protection of the human physiology during the surgical procedure. Even 
more, only a concerted effort between the anaesthesiological management and the 
surgical intervention will permit optimal implementation of the technological merits 
provided by the advances in optical and robotical technology. Specifically in 
neurosurgical endoscopy, the conflicting interest of the surgical and 
anaesthesiological control of the intracranial pressure requires optimal monitoring 
and comprehension to combine physiological security with surgery perfection. 
Likewise, proper anaesthesiological management of the extreme patient positioning 
required for urological endoscopical surgery is essential to safely navigate the patient 
through this highly unphysiological condition. 
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Deze thesis beschrijft de impact van perioperatieve intracraniële hypertensie op de 
hersendoorbloeding, -oxygenatie en -homeostase tijdens verschillende chirurgische 
procedures. De hoofdstrategie doorheen dit werk is in eerste instantie een 
gedetailleerde analyse van de intracraniële fysiopathologische veranderingen tijdens 
de verschillende chirurgische interventies. Vervolgens hebben we een verbetering 
van de monitoring  onderzocht en ontwikkeld, en worden verschillende 
therapeutische voorstellen geformuleerd. 
 
Hoofdstuk 0 geeft een algemeen overzicht van de anatomie, fysiologie en 
autoregulatiesystemen van de hersenen. Daarnaast wordt de fysiopathologie van het 
Cushing reflex beschreven, en meer specifiek de initiële manifestaties  tijdens 
hyperacute intracraniële hypertensie, die we vaak zien tijdens neurochirurgie.  De 
basisprincipes van de gebruikte monitoringsystemen en van endoscopische 
neurochirurgie worden toegelicht. 
 
In hoofdstuk 1 onderzoeken we de hemodynamische effecten van verhoogde 
intracraniële druk (ICP) in een prospectieve observationele studie in patiënten tijdens 
neuro-endoscopische ingrepen. Aangezien in de wetenschappelijke literatuur de 
hemodynamische reflexen  ten gevolge van de acute ICP veranderingen tijdens 
euro-endoscopie nog nooit exact zijn beschreven, was de eerste doelstelling van 
deze studie om een nauwkeurige analyse te doen van dit fenomeen. Daarnaast 
onderzoeken we de meest geschikte parameters om ICP verhoging zo snel mogelijk 
te detecteren zodat schade door zuurstoftekort in de hersenen kan worden 
voorkomen, alsook mogelijke strategieën om een veilige cerebrale perfusiedruk te 
behouden. De hoofdboodschap van deze studie is dat – in tegenstelling tot de 
gangbare visie dat het Cushing reflex een combinatie is van bradycardie en 
hypertensie – de initiële fase van het Cushing reflex tijdens hyperacute intracraniële 
hypertensie bestaat uit een gecombineerde hypertensie en tachycardie 
 
Gebruik makend van dopplermetingen tijdens een neuro-endosopie hebben we in 
hoofdstuk 2 de exacte volgorde van fysiopathologische gebeurtenissen beschreven 
bij een volledige onderbreking van de hersendoorbloeding, en het belang van het 
Cushing reflex voor een snelle diagnose. 
 
In hoofdstuk 3 hebben we in een ratmodel van endoscopische neurochirurgie onze 
klinische bevindingen bevestigd dat het eerste teken van hyperacute intracraniële 
hypertensie bestaat uit een gecombineerde hypertensie en tachycardie. Daarnaast 
hebben we aangetoond dat bij hoge spoeldruk er een belangrijke translocatie van 
spoelvloeistof plaatsvindt naar de bloedbaan, met significante verlaging van de 
hematocrietwaarde. Ook hebben we door middel van histologisch onderzoek van de 
hersenen aangetoond dat zelfs bij een klinisch normaal postoperatief gedrag 
belangrijke neurologische schade kan bestaan. Finaal is uit het onderzoek naar voor 
gekomen dat ongecontroleerde intracraniële hypertensie, zelfs zonder complete 
cerebrale ischemie, een fataal longoedeem kan uitlokken. 
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Omdat een optimale methodologie en locatie om tijdens neuro-endoscopische 
ingrepen de ICP te meten nog niet was bepaald, hebben we in hoofdstuk 4 
verschillende methodes onderzocht en een nieuw transendscopisch monitoring 
systeem voorgesteld. Deze niet-invasieve techniek verhoogt de nauwkeurigheid 
aanzienlijk in vergelijking met de klassieke aanpak.  
 
Het optreden van het Cushing reflex is van essentieel diagnostisch belang om 
intracraniële hypertensie te detecteren. Op dit moment is tijdige ontdekking van het 
reflex enkel mogelijk via invasieve bloeddrukmeting. Daarom hebben we in 
hoofdstuk 5 de mogelijkheden en beperkingen van niet-invasieve continue arteriële 
bloeddrukmeting tijdens deze neurochirurgische ingrepen onderzocht. 
 
In hoofdstuk 6 onderzoeken we de impact van urenlange extreme Trendelenburg 
positie tijdens endoscopische robotchirurgie. Deze veelbelovende chirurgische 
techniek kan enkel veilig worden uitgevoerd met de juiste kennis van de invloed van 
deze positionering op de menselijke fysiologische homeostase. Aangezien dit nog 
nooit was onderzocht, hebben we de invloed van gecombineerde extreme 
Trendelenburg positie en CO2-pneumoperitoneum op het cardiopulmonaal systeem 
en op de cerebrale perfusie en oxygenatie onderzocht. 
 
In hoofdstuk 7 hebben we een meer fundamentele fysiologische studie gedaan van 
de cerebrale microcirculatoire fysiologie door middel van gesynchroniseerde analyse 
van de pulsatiele golfpatronen van de invasieve arteriële bloeddruk en transcraniële 
dopplermeting. Deze studie heeft aangetoond dat langdurige extreme-Trendelenburg 
positionering geen klinisch significante invloed heeft op de cerebrale vaatweerstand. 
Daarnaast hebben we een eenvoudiger formule geïdentificeerd waardoor de zero-
flow druk kan worden berekend op basis van discrete bloeddrukwaarde, zonder de 
noodzaak tot complexe regressieanalyse. 
 
Ter conclusie, zoals besproken in hoofdstuk 8 bieden minimaal invasieve 
technieken betere behandelingsmogelijkeden bij een verscheidenheid aan 
aandoeningen. Deze nieuwe mogelijkheden hebben het belangrijke voordeel dat er 
veel minder weefselschade wordt aangericht, wat een uitermate groot voordeel is bij 
neurochirgie. 
Naast een minimale invasiviteit, heeft robotchirurgie – waarin de urologie een 
voortrekkersrol speelt – het additionele voordeel van superieure visualisatie en 
nauwkeuriger weefselmanipulatie. Dit laat toe zenuwschade en bloedverlies te 
beperken en de oncologische uitkomst te verbeteren. 
 
Om ten volle de vruchten van deze nieuwe technologie te kunnen plukken is het van 
uiterst belang om een duidelijk inzicht te hebben in de anesthesiologische 
consequenties van deze minimaal-invasieve manipulaties zodat een behoud van de 
cerebrale homeostase kan worden gegarandeerd tijdens de ingreep. 
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Even belangrijk is een optimale coördinatie tussen het anesthesiologische en het 
chirurgische beleid. Dit is essentieel om deze ontwikkelingen in optica en robotica 
maximaal te kunnen vertalen in tastbare medische winst. Meer specifiek bij neuro-
endoscopie, is er het tegenstrijdige belang van de chirurgische en 
anesthesiologische controle over de intracraniële druk. Daar is een betrouwbare 
monitoring en goed fysiologisch inzicht vereist om de gulden middenweg te kunnen 
bewandelen van veilig anesthesiologisch beleid en optimale chirurgische 
interventiemogelijkheden. 
 
Omgekeerd is voor urologische endoscopische chirurgie een extreme Trendelenburg 
noodzakelijk voor het scheppen van de optimale chirurgische omstandigheden. 
Hierbij is een gedegen anesthesiologisch management essentieel om de patiënt 
ongehavend door deze uiterst onfysiologische positionering te loodsen.  
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meest actuele anesthesiologische uitdagingen aan te gaan. In het bijzonder wens ik 
Prof. Jacques Caemaert en dr. Frank Dewaele te bedanken voor hun aangename en 
motiverende samenwerking in het UZ-Gent en Dr. Alex Mottrie in het OLV-ziekenhuis 
Aalst. 
Uiteraard ook mijn dank aan de anesthesisten van het OLV-ziekenhuis voor hun 
actieve samenwerking en ondersteuning van het onderzoek, alsook de uitmuntende 
klinische ervaringen die ik er heb mogen opdoen. Geachte Dr. Foubert en Dr. 
Hendrickx, beste Luc en Jan, bedankt voor de aangename en constructieve 
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samenwerking, ik hoop dat onze verdergaande projecten nog veel vruchten mogen 
afwerpen. Geachte Dr. Coddens, beste José, een groot deel van mijn periode in 
Aalst heb ik met u mogen samenwerken. Ik denk nog steeds met veel genoegen 
terug aan deze aangename en leerrijke tijd en maak nog dagelijks dankbaar gebruik 
van de inzichten die ik toen heb meegekregen. 
 
Dear Professor Absalom, beste Tony, het is nog maar een jaar dat ik je heb leren 
kennen, maar reeds op deze korte periode is onze samenwerking zowel op 
persoonlijk als op professioneel vlak voor mij een groot genoegen geweest. Dank 
daarvoor en ik hoop en vertrouw erop dat onze toekomstige samenwerking even 
aangenaam en vruchtbaar zal zijn 
 
Prof Struys, beste Michel. Jij bent al van bij mijn eerste stappen in Gent de leidende 
hand die mij de wetenschappelijke methodologie heeft bijgebracht, gemotiveerd en 
ondersteund om de onderzoeken te laten uitmonden in publicaties. Daarnaast heb je 
me in het UMCG unieke klinische en wetenschappelijke kansen geboden en de eer 
gegund om deel uit te maken van een fantastisch onderzoeksteam en klinische 
groep. Bedankt voor de professionele uitdagingen en kansen die je me hebt geboden 
en daarnaast uiteraard ook voor de talrijke aangename persoonlijke contacten en 
gesprekken. 
 
Tot slot wil ik ook nog alle vrienden en familie, Kim en Julien bedanken die mij in de 
voorbije vijf jaar hebben gesteund in mijn werk, en mij vele avonduren hebben 
moeten missen door deze activiteiten. Lieve Julien, jouw vrolijkheid en 
enthousiasme, interesse en genegenheid doen mij telkens openbloeien. Bedankt om 
het zonnetje in mijn leven te zijn. 
